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Abstract
We carried out systematic neutron scattering experiments to investigate the magnetic properties and their relationship to the high-Tc superconductivity, when the materials are tuned
from their antiferromagnetic (AF) parent compounds to the superconducting regime.
We observed resonance mode in the electron doped cuprate Nd1.85 Ce0.15 CuO4 , demonstrating that the resonance is a general phenomenon in cuprate superconductors regardless
of hole- or electron-doping. In Pr0.88 LaCe0.12 CuO4 , the local susceptibility displays two
distinct energy scales that are broadly consistent with the bosonic modes revealed by scanning tunneling microscopy experiments. These results indicate the presence of very strong
electron spin excitations couplings in electron doped cuprates.
Shortly after the discovery of high-Tc superconductivity in the Fe pnictides, we discovered that the magnetic phase diagram of CeFeAsO1−x Fx is remarkably similar to that of
the cuprates. Besides CeFeAsO, similar magnetic and lattice structures are also observed in
PrFeAsO and SrFe2 As2 systems. Neutron scattering measurements show that in SrFe2 As2 ,
the spectrum of magnetic excitations consists of a Bragg peak at the elastic position, a spin
gap, and sharp spin-wave excitations at higher energies. Based on the observed dispersion
relation, we estimated the eﬀective magnetic exchange coupling using a Heisenberg model.
In order to study the nature of the exchange interactions in the parent compound of
Fe pnictides, we studied the high energy spin-wave excitations in CaFe2 As2 . Although the
spin waves in the entire Brillouin zone can be described by an eﬀective three-dimensional
anisotropic Heisenberg Hamiltonian, the magnetism in this system is neither purely local
nor purely itinerant; rather it is a complicated mix of the two.
When the Fe pnictide is tuned into superconducting regime with doping, the low energy spin ﬂuctuation is dominated by a resonance mode. In the optimally electron doped
v

BaFe1.9 Ni0.1 As2 , application of a magnetic ﬁeld that suppresses the superconductivity and
superconducting gap energy also reduces the intensity and energy of the resonance. These
results suggest that the energy of the resonance is proportional to the electron pairing
energy, and thus indicate that spin ﬂuctuations are intimately related to the mechanism of
high Tc superconductivity.
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Chapter 1

Introduction
1.1

Conventional superconductivity

Superconductors are the materials characterized by zero resistivity and exclusion of the interior magnetic ﬁeld (Meissner eﬀect) below certain critical temperature (superconducting
transition temperature Tc ) [1, 2]. The superconductivity phenomenon was ﬁrst discovered
by Karmerlingh Onnes in 1911 when he was measuring the resistivity of mercury at low
temperature using liquid helium as a refrigerant [1]. The resistivity of mercury abruptly
dropped to close to zero below 4.2 K, which signiﬁed the discovery of superconductivity.
Shortly after that, superconductivity was also observed in various other materials including
simple elements such as tin, lead and some metallic alloys. These simplest superconductors
with relatively low Tc s are referred as conventional superconductors. The mechanism of
conventional superconductivity was not clear until Bardeen, Cooper and Schrieﬀer developed the BCS theory in 1957 (ref. [3]), 46 years after the initial discovery. In the BCS
theory, superconductivity is a macroscopic eﬀect which results from Bose condensation
of electron “Cooper pairs”. The key question concerning the pairing mechanism of the
electron “Cooper pair” can be understood as the consequence of strong electron phonon
coupling: when an electron moving through a conductor will attract nearby positive charges
in the lattice and induce some deformation on the lattice. This deformation of the lattice
causes another electron, with opposite “spin”, to move into the region of higher positive
charge density. The two electrons are then held together through the lattice vibrations
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(phonons) with a certain binding energy, forming a “Cooper pair” as a boson [3], which
carries the supercurrent with no resistance when the thermal ﬂuctuation energy is much
lower than the electron pair binding energy at low temperature. In the frame work of BCS
theory, the “Cooper pair” is electron pair in singlet state with opposite spin and momentum. The symmetry of conventional superconducting gap is isotropic s wave (momentum
independent) with total spin S=0. BCS theory gives the superconducting transition temperature as the function of the electron-phonon coupling potential and the Debye cutoﬀ
energy in a simple form:
kB Tc = 1.14ED e−1/N (0)V

(1.1)

where ED is the Debye energy, N (0) is the density of states on Fermi surface and V is
the electron phonon coupling constant. In standard BCS theory, the Tc of the conventional
superconductor is usually lower than 30 K due to the weak electron phonon coupling and
low Debye energy in realistic materials.

1.2
1.2.1

High Tc superconductivity
Discovery of high Tc superconductivity

In 1986, high Tc superconductivity was discovered by Muller et al [4] in the cuprate
La2−x Bax CuO4 with Tc = 30 K which is higher than the superconductors known at the
time. This discovery fascinated the whole world and tremendous eﬀort had been put forth
searching for new high Tc superconductors after the initial break through. A lot of similar cuprate superconductors such as YBa2 Cu3 O7−δ (Tc = 90 K) and HgBa2 Ca2 Cu3 O8
(Tc = 163 K under pressure) were discovered [5, 6], pushing the Tc way above the liquid
nitrogen temperature. The high Tc superconductors are probably one of the most important and potentially most useful discoveries ever, not only because the high Tc above liquid
nitrogen temperature makes the widespread technological applications in industry possible,
but also because the physics behind the phenomenon is so complicated and it challenged
our understanding of condensed matter physics. Theoretical calculations showed that the
electron phonon coupling strength in cuprate is not strong enough to lead to so high Tc ,
2

suggesting a deviation from the standard BCS theory. In addition, besides the very high
transition temperature, cuprate superconductors display exotic properties even in the normal state (above Tc ). For example, the resistivity of optimally doped cuprate exhibits
linear temperature dependence over wide temperature ranges, which is deviated from the
Fermi liquid behavior.

1.2.2

Magnetic structure and phase diagram of high Tc superconductors

In conventional superconductors, magnetic moments in the lattice are always harmful
for superconductivity because the “pair breaking” interaction between the moment and
“Cooper pairs”. Surprisingly, all the high Tc cuprate superconductors have universal “parent” compounds which are antiferromagnetic (Mott) insulators. In general, the parent
compounds of cuprates are comprised of one or more sheets of ﬂat copper oxygen layers
separated by rare earth ions. Although the conventional band theory suggests the dx2 −y2
orbital of Cu2+ contributes to the density of states near Fermi surface and the parent
compound should be metal, it is actually an insulator because of the large electron on-site
Coulomb repulsion which is not considered in conventional band theory. On-site Coulomb
repulsion splits the conduction band into two Hubbard bands and only the lower band is
ﬁlled by electrons. Since there is a several eV energy gap between upper band and lower
band, the unpaired dx2 −y2 electron of copper is localized in each site and carries 1/2 spin
which is responsible for the magnetic properties of cuprates.
Neutron scattering experiment showed that the copper spin is antiferromagnetically
ordered in the parent compound [13], the static order is rapidly suppressed and the superconductivity appears with doping charge carriers (holes or electrons) into the copper
oxygen plane. There are several ways of doping, including replacing rare earth ions by other
metal ions with diﬀerent chemical valences; or introducing/removing oxygen into/from the
system. The region between the copper oxygen layers is referred as the “charge reservoir”.
The lattice and magnetic structure of a typical hole doped cuprate La2−x Srx CuO4 is depicted in Fig. 1.1 (ref. [13]). Each copper is surrounded by by an octahedron of oxygen
sites. Holes are doped into the system by substituting La3+ with Sr2+ . When suﬃcient
holes or electrons are doped into the CuO2 planes, the static antiferromagnetic order is

3

La/Sr
O
Cu
Figure 1.1: Magnetic and lattice structure of single layed cuprate La2−x Srx CuO4 . The
arrows denote the spin directions of Cu.
suppressed and superconductivity emerges, resulting a general phase diagram shown in
Fig. 1.2. After the static order is suppressed, the Tc increases as the increasing doping
level and reaches a maximum value termed optimum doping. The Tc decreases as further
doping beyond the optimum value, forming a superconducting dome (Fig. 1.2). Although
the static antiferromagntic order is suppressed, the antiferomagnetic ﬂuctuations persists
in all the superconducting concentrations. The vicinity of superconductivity to a magnetically ordered state is the key motivation to consider the mechanism of the high Tc
superconductivity is linked to magnetic degrees of freedom. Unlike phonon in conventional
superconductors, the magnon is much more diﬃcult to measure and to be described. In
spite of more than twenty years of intensive research, the role of the magnetism in high Tc
superconductivity is still under debate and the mechanism of high Tc superconductivity is
still a big mystery.

4

Figure 1.2: Phase diagram of cuprates as function of electron and hole dopings.
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1.3

Fe based superconductors

For more than twenty years, high-temperature (high-Tc ) superconductivity was believed
to be unique in copper oxide based materials (cuprates). However, everything changed
in the early part of 2008, when a class of high Tc superconductors based on iron (iron
pnictides) was discovered [7]. Hosono et al. ﬁrst observed 26 K superconductivity in Fe
pnictide LaFeAsO1−x Fx . Subsequent research discovered that replacing the lanthanum in
LaFeAsO1−x Fx with other rare earth elements such as cerium, samarium, neodymium and
praseodymium leads to superconducting transition temperature as high as 55 K [8–11].
The RFeAsO1−x Fx (R=rare earth) is usually referred as “1111” system. Several other
subsets of the Fe based superconductors were also discovered, including “122”,“111” and
“11” systems. All four systems have similar structures (Fig 1.3) and properties. “122
(A1−x Kx Fe2 As2 , AFe2−x Bx As2 ; A=Ca,Sr,Ba; B=Co,Ni,Rh) and “11 (FeSe1−x Tex ) systems have attracted a lot of interest due to their relative ease of growing single crystals.
These discoveries greatly excited the scientiﬁc community, because electron phonon coupling in this system is also not strong enough to produce so high Tc just like that of
cuprates [14]. Hence, Fe based superconductors are another class of high Tc superconductors which could help to understand the long standing issue, mechanism of high Tc
superconductivity. Soon after the discovery of Fe based superconductors, scientists quickly
realized that these two systems share a lot of common properties. First of all, they both
have layered structure and have a CuO2 or FeAs plane, where the superconductivity happens, suggested by band structure calculations (See Fig 1.1 and 1.3 for the typical structures
of copper oxides and Fe pnictides). Secondly, both parent compounds of the copper oxides
and Fe pnictides superconductors are antiferromagnets, although the latter is semimetal
instead of insulator as in cuprates. The identical magnetic ground states of the parent
compounds strongly indicate the antiferromagnetism plays key roles in both systems.
The parent compound of ﬁrst discovered Fe based superconductor, known chemically
as LaFeAsO, stacks iron and arsenic layers, where the electrons ﬂow, between planes of
lanthanum and oxygen, which is referred as charge reservoir. Superconductivity can be
achieved by replacing the oxygen with ﬂuorine, as electrons are induced in to the FeAs layers. Neutron scattering experiments showed that LaFeAsO undergoes an abrupt structural
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Fe
As
La
O/F

Figure 1.3: Magnetic and lattice structure of LaFeAsO/F.
distortion below 155 K, changing the symmetry from tetragonal (space group P4/nmm)
to orthorhombic (space group Cmma) at low temperatures. In addition, the system develops long-range antiferromagnetic order with a colinear magnetic structure below 137 K as
shown in Fig. 1.3 [12].
Although Fe pnictides and cuprates share a lot of common features, they do have some
diﬀerences which are also important for testing theories for high Tc superconductivity. As
depicted in Fig. 1.3, Fe is surrounded by a tetrahedron of As sites, which is in contrast to
octahedral environment in cuptates. Diﬀerent crystal ﬁeld symmetries lead to very diﬀerent
diagram on 3d orbitals of transition metal ions (Cu2+ and Fe2+ ). In the case of cuprate
parent compound, Cu2+ only has one unpaired electron in dx2 −y2 resulting a static moment
around 0.61 μB . For Fe2+ in Fe pnictides, there has to be at least two unpaired electrons
which leads to a moment much larger than Cu2+ in cuprates. However, in LaFeAsO, the
7

measured moment is only about 0.36 μB which is much smaller than calculated value 2
μB in a simple local moment picture. Band structure calculations suggest that all ﬁve
3d orbitals contribute to the density of states near Femi surface in Fe pnictides, resulting
a much more complicated band structure than cuprate which is a single band material.
In addition, the electron correlations in the parent compounds of Fe pnictides are weaker
than strongly correlated cuprates. As a consequence, the parent compound of Fe pnictide
has a semimetal ground state instead of insulating one in cuprates. The striking small
moment together with the metallic nature of the parent compound suggests the itinerant
antiferromagnetism may be important to magnetic properties of Fe pnictides.

1.4

Introduction to neutron scattering

Neutron scattering is a powerful tool to study the nuclear and magnetic structure of condensed matter systems as well as lattice dynamics and spin excitations because neutrons
have some unique advantages. A neutron has zero charge and no coulomb interaction with
atoms in the solid, allowing the neutron to penetrate deeply into the materials for bulk
properties study. Also, a neutron has 1/2 spin with a magnetic dipole moment 1.913 μn
making it an ideal probe to detect magnetic moment, which X-ray can not do. Furthermore, the wavelength of the thermal neutrons is comparable to the interatomic distance.
Thus interference eﬀects occur, which provides information on structure of the scattering
system. The energy of thermal neutrons is at the same order of the element excitations in
the condensed matter systems, which means the inelastic neutron scattering measurements
are very sensitive to the element excitations in the scattering system. The basic properties
of neutrons are listed in Table 1 [16].
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Table 1: basic properties of neutrons
Mass

Mn =1.675×10−27 kg

Magnetic moment

1.913 μn

Charge

0

Energy
Cold neutron

0.1-10 meV

Thermal neutron

5-100 meV

Hot neutron
100-500 meV
In neutron scattering experiment, the sample will be put into the neutron beam and
the scattered neutron intensity as a function of scattering angle and neutron energy will
be detected. The geometry of the scattering experiment is shown in Fig. 1.4. The sample
is usually a collection of atoms. The eﬀective scattering area of each atom to an incident
neutron can be expressed as cross-section. The partial diﬀerential cross section can be
expressed as [15–17]
d2 σ/dΩf dEf = (neutrons scattered sec−1 into dΩ in direction θ,φ with ﬁnal energy
between E and E+dE)/(Φ dΩ)
here Φ is the ﬂux of incident neutrons area−1 time−1 , E is the scattered neutron energy.
The scattering process is ruled by the laws of momentum and energy conservation:

 = kf − ki
Q

(1.2)

 = kf 2 + ki 2 − 2ki kf cosθs
|Q|

(1.3)

ω = Ei − Ef =

2
(k2 − ki2 )
2mn f

(1.4)

In these equations, the wave vector magnitude k = 2π/λ, where λ is the neutron
wavelength of the neutron beam, mn is the mass of neutron, and the momentum transferred
 . The subscripts i and f refer to the beam incident on the sample and
to the crystal is Q
diﬀracted beam. In the scattering process, a neutron acts as a very weak perturbation of
the scattering system, so that the diﬀerential scattering cross section can be obtained from
Fermi’s Golden Rule [15–17].
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Figure 1.4: Geometry of neutron scattering experiment [16].

kf mn 2 
d2 σ
=
(
) |kf λf |V |ki λi |2 δ(ω + Ei − Ef )
dΩf dEf
ki 2π2

(1.5)

where the λi and λf are quantum numbers for initial state and ﬁnal state of the sample,
respectively; V is the interaction operator for the neutron with sample. By using the Born
approximation, we consider both the incident and outgoing neutrons as plane waves:
 f|
kf λf |V |ki λi  = V (Q)λ





eiQ·ri |λi 

(1.6)

l

where ri are the coordinates of the scattering centers, and

 =
V (Q)



drV (r)eiQ·r
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(1.7)

1.4.1

Nuclear cross section

For nuclear scattering, the neutron nuclear interaction force is short range (∼ 1 fm), so the
point particle approximation is valid and the nuclear potential is a delta function. Therefore
the scattering can be considered as isotropic (s wave) which can be characterized by one
parameter b (scattering length) [15–17], so
 =
V (Q)

mn
b
2π2

(1.8)

Thus formula (1.5) can be written as
 
kf 
d2 σ
=
P (λi )|λf |b
eiQ·r |λi |2 δ(ω + Ei − Ef )
dΩf dEf
ki
λi ,λf

(1.9)

l

Where P (λi ) is the statistical weight factor for initial state |λi .
This can also be expressed as
kf 
d2 σ
= N S(Q,
ω)
dΩf dEf
ki

(1.10)

 ω) is
where the scattering function S(Q,
 ω) =
S(Q,


1  +∞
 
 
dt < e−iQ·rl (0) e−iQ·rl (t) > e−iωt
2πN  −∞

(1.11)

l,l

where N is the number of nuclei, t is time. The experiments of neutron scattering are
 ω). In the case of magnetic scattering, based on the ﬂuctuationessentially measuring S(Q,
dissipation theorem, the imaginary part of the dynamic susceptibility can be calculated as
ω

 ω) = S(Q,
 ω)(1 − e− kB T )
χ (Q,

(1.12)

In the case of elastic nuclear scattering (ω = 0),the coherent scattering cross section is
(2π)2  
dσ
 N (G)|
 2
=N
δ(Q − G)|F
dΩ
v0

G
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(1.13)

where the structure factor is
 =
FN (G)





b̄j eiG·rj e−Wj

(1.14)

j

where v0 is the volume of the unit cell and e−Wj is the Debye-Waller factor.
 ω) usually corresponds to the excitations
In the case of inelastic nuclear scattering, S(Q,
of the phonon scattering [15–17]. The cross section for single phonon creation is
 1
kf (2π)3  
d2 σ

 2
=
δ(Q − q − G)
[ns (ω) + 1]δ(ω − ωqs )|F (Q)|
dΩf dEf
ki 2v0
ω
qs
s

(1.15)

G,q

where the dynamic structure factor
 =
F (Q)

 b¯j
 dj −Wj
 · ξjs)eiQ·
e
√ (Q
mj

(1.16)

j

for a phonon mode s, the polarization vector for the jth atom in the unit cell is ξjs . mj is
the mass of the jth atom, ns (ω) is the Bose-Einstein distribution.

1.4.2

Magnetic cross section

The neutron has a dipole moment, which can interact with the magnetic moment in the
atom via the dipole-dipole interaction. For an unpaired electron with magnetic moment,
μe and momentum, p, the magnetic ﬁeld felt by the neutron is [15–17]
B=

μe × R̂ 2μB p × R̂
μ0
[∇ × (
−
]
4π
R2
 R2

(1.17)

The magnetic cross section depends on not only the wave vector transfer but also the
initial spin states si and ﬁnal spin states sf of the neutron.If we only consider the magnetic
interaction in Eq. 1.5 the cross section can be rewritten as
kf mn 2
d2 σ
=
(
) |αf λf |Vm |αi λi |2 δ(ω + Ei − Ef )
dΩf dEf
ki 2π2
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(1.18)

 is the potential of the magnetic ﬁeld, and αi ,λi and αf ,λf refer the
where Vm = −μn · B
initial and ﬁnal states of the neutron (α) and electron (β), respectively. For simplicity, if
we only consider the atomic moment is due purely to spin. we have
  Si S
kf 
d2 σ
=
P (λi )|λf |
eiQ·rl Ul f |λi |2 δ(ω + Ei − Ef )
dΩf dEf
ki
i,f

Si Sf

Ul

(1.19)

l

is the atomic scattering amplitude from the spin state si to sf

If the system only contains a single species of magnetic atom, the cross section can be
written
 +∞

 
γr0 N kf
d2 σ
 2 e−2W
=
gf (Q)
(δα,β − Q̂α Q̂β )
dte−iωt
eiQ·rl S0α (0)Slβ (t)
dΩf dEf
4π ki
−∞
α,β

l

(1.20)
where α, β represent x,y,z. the term δα,β − Q̂α Q̂β means only the moment perpendicular
 contributes to the magnetic cross section. f (Q)
 is the magnetic form factor which is the
Q
Fourier transform of the unpaired electron density. In the case of elastic scattering
 

γr0 N kf
dσ
 2 e−2W
=
gf (Q)
(δα,β − Q̂α Q̂β )
eiQ·rl S α (0)S β (l)
dΩf
4π ki
α,β

1.5

(1.21)

l

Neutron scattering instruments

Neutron scattering experiments can be done on a lot of instruments such as the triple axis
spectrometer, powder diﬀractometer, time of ﬂight backscattering or chopper spectrometer,
among which the triple axis and time of ﬂight chopper spectrometers are intensively used
in my thesis work. The triple axis is a very powerful instrument for the elastic and inelastic
neutron scattering measurements. The schematic of the triple axis is shown in Fig. 1.5.
The triple axis spectrometers are located at the reactor based neutron source in which
neutrons arise from the spontaneous ﬁssion of U 235 , and the neutrons are produced continuously in time. The three axis correspond to the monochromator axis, the sample axis
and the analyzer axis. The monochromator is a single crystal which deﬁnes the incident
neutron energy and momentum basing on the Bragg’s law. The monochromator can be
crystals of graphite, silicon and copper, or in the case of polarized neutrons, a Heusler alloy.
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Figure 1.5: Schematic of IN22 triple axis spectrometer. Triple axis corresponds to the
monochrometer, sample and analyzer axis, respectively. Bragg’s reﬂections from the
monochrometer and analyzer single crystals deﬁne the incident and ﬁnal energies for the
experiment.
The analyzer crystal deﬁnes the scattered neutron energy and momentum. In an elastic
scattering process, a neutron is deﬂected but loses or gains no energy. In an inelastic event,
a neutron loses or gains energy during the interaction. Based on the momentum conservation and energy conservation laws, we can measure the dispersion of the excitations in the
sample [16].
Another popular neutron scattering instrument is time of ﬂight chopper spectrometer.
In this instrument neutrons are produced by a spallation neutron source, where neutrons
are produced by bombarding a heavy metal target with high energy protons [15, 16]. In
this source the neutrons come as pulses white beam. The setup of MAPS Time of Flight
Chopper Spectrometer is shown in Fig. 1.6. A single incoming energy can be selected by
measuring the times taken by neutron to travel from the source to the Fermi chopper. The
neutrons arrive at the sample in monochromatic pulses of known energy. After scattering
from the sample they are detected in ﬁxed arrays of detectors as a function of their total
time of ﬂight. With the knowledge of the sample detector distances and the incident beam
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ki
ki
kf
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Q

Figure 1.6: Schematic of MAPS time of ﬂight chopper spectrometer. The inset shows
the picture of the scattering triangle law. Fermi-chopper selects a incident beam energy
based on the known distance and pulse time of the neutron source. The position-sensitive
detectors can probe multiple momentum and energies simultaneously.
energy, the ﬁnal energy can be calculated. For all energies the ﬁnal wave vector will lie
along the same direction, however the magnitude will decrease with the velocity of the
incident energy neutrons. The scattering triangle is thus altered in time as shown in Fig.
1.6.

1.6

Neutron scattering measurements in high Tc superconductors

As we mentioned in Chapter 1.2, high Tc superconductivity always arises in the proximity
of antiferromagnetism. Since its discovery, the neutron scattering has contribute tremendously in understanding the magnetic properties of the high Tc superconductors. Shortly
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after the initial discovery of superconductivity in La2−x Bax CuO4 , Vaknin et al. discovered
that the parent compound La2 CuO4 was antiferromagnet using neutron scattering powder
diﬀraction technique [13]. The magnetic moment of Cu2+ is about 0.5 μB which is much
smaller than the calculated value 1 μB for a S = 1/2 system. There are several eﬀects
can be taken in to account to explain this inconsistency: (i)variations due to excess oxygen in the system [18]; (ii) covalency eﬀects due to hybridisation of the copper and oxygen
atoms in the planes [19,20]; (iii)strong quantum ﬂuctuations in a quasi-2D antiferromagnet.
The undoped parent compound the of cuprate is quasi-2D antiferromagnets, the magnetic
excitations of which can be described by a two-dimensional quantum Heisenberg antiferromagnet. The Heisenberg Hamiltonian in the CuO2 plane of the system can be written
as
H = Jnn



Si · Sj + Jnnn

i,j



Si · Sk

(1.22)

i,k

The nearest neighbor exchange coupling is antiferromagnetic (∼ 100meV ) for La2 CuO4
[22], the next nearest neighbor exchange coupling is (∼ −18meV ), which is ferromagnetic
coupled. The exchange couplings are usually determined by bonding angles and bonding
distances in Heisenberg model. So the c axis coupling Jc is several order smaller than the
Jnn . Large in plane exchange coupling in the parent compound indicate high energy scale
of the spin dynamics of Cu2+ , which is the prerequisite if the antiferromagneitism is the
driving force for the high Tc superconductivity. Neutron scattering experiment performed
by Hayden et al [21, 22] shows that the spin excitation spectrum extends up to around 300
meV and the spectral weight is almost independent of energy below 200 meV, which is
consistent with a quasi 2D Heisenberg antiferromagnet (Fig. 1.7).
The magnetic excitations were also studied intensively as the system is tuned into superconducting regime in cuprates for the past twenty years. As we mentioned earlier,
although the static magnetic order is suppressed with doping, the magnetic ﬂuctuations
persist in the superconducting sample. In the case of YBCO, inelastic neutron scattering
experiment showed that spin excitation spectral weight has been brought down to much
lower energy in contrast with the parent compound where most of the spectral weight
piles up near the zone boundary at ∼ 300 meV. As the system is tuned toward optimal doping, the magnetic response is dominated by a resonance peak, which is a strong
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Figure 1.7: a) Energy dependence of local sucestibiltiy in La2 CuO4 [21] b) Spin wave
dispersions in La2 CuO4 [22].
and sharp commensurate feature in the superconducting state near the antiferromagnetic
zone center at energies Eres = 5.8kB Tc , where kB and Tc are Boltzman constant and
superconducting transition temperature, respectively. The resonance peak is rapidly suppressed as warming and displays an superconducting order parameter like temperature
dependence, which makes the resonance peak weak or even invisible in normal state. The
resonance mode was ﬁrst discovered in YBCO by Rossat-Mignod et al [23]. Subsequent
research revealed that resonance is actually a general feature as they were also observed in
other hole doped cuprates Bi2 Sr2 CaCu2 O8−δ and Tl2 Ba2 CuO6 [24–26], as well as electron
doped cuprate Pr0.88 LaCe0.12 CuO4 [27]. The incommensurate magnetic response intensity
enhancement below Tc was also observed in La2−x Srx CuO4 , which is termed as “incommensurate resonance” or “coherence peak”. The resonance modes were also discovered in
several Fe based superconductors such as Ba1−x Kx Fe2 As2 , BaFe2−x Ax As2 (A=Co,Ni)and
FeSe1−x Tex shortly after the discovery of this new class of high Tc superconductors. The
magnetic excitations are suppressed in the superconducting state at energies below the
resonance mode, suggesting the opening of a superconducting spin gap. Detailed analysis
of the magnetic response spectral weight reveal that spectral weight (or part of) loose in
the spin gap is compensated by the intensity gain of the resonance mode in the superconducting state. The universality of resonance mode and its relationship with Tc strongly
indicate it is critical to the mechanism of high Tc superconductivity.
Although the energy dependence of the magnetic response shares common features
(resonance and spin gap) within diﬀerent classes of high Tc superconductors, the momen17

Figure 1.8: Momentum dependence of spin excitations in YBCO6.5 shows an hour glass
like dispersion. The saddle point is at around 38 meV. The magnetic excitations are
incommensurate below and above the saddle point (resonance) [28, 29]
.
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tum dependence of the magnetic response is somehow distinct from one to another. In
hole doped cuprates YBCO, the magnetic excitations displays hourglass like dispersion
(Fig. 1.8) [28, 29]. The commensurate resonance mode, which carries most of the magnetic response spectral weight, is located right at the saddle point. the magnetic response
is incommensurate below and above the resonance energy. Although the hour glass like
dispersion is also observed in another hole doped cuprate La2−x Srx CuO4 , the saddle point
(∼ 50 meV) exhibits little temperature dependence across Tc . In stead, an incommensurate resonance like excitation is observed at lower energy, which has similar temperature
dependence as resonance mode as in the other cuprates. In the case of electron doped
cuprates, the magnetic excitations are all commensurate below and above the resonance
mode.
The spin excitations in hole doped cuprates were studied very intensively by neutron
scattering for the past twenty years. However the experimental eﬀort studying the magnetism in the hole-doped cuprates has no parallel in the electron-doped systems and the
newly discovered Fe based superconductors. Electron doped cuprates diﬀers with hole
doped cuprates in many diﬀerent aspects, such as the much lower up critical ﬁeld, lack
of pseudo gap state and commensurate spin excitations. Even more is unknown in the
magnetism in Fe based superconductors. Comparing the antiferromagnetism in electron
doped cuprates and Fe based superconductors together with the hole doped cuprates will
deﬁnitely shed some light on understanding the interplay between the antiferromagnetism
and high Tc superconductivity.
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Chapter 2

Low Energy Spin Excitations in
Optimally Electron-Doped
Superconductor
Nd1.85Ce0.15CuO4−δ
2.1

Introduction and motivation

In conventional Bardeen-Cooper-Schrieﬀer (BCS) superconductors, the superconducting
phase forms when electrons are bound into pairs with long-range phase coherence through
interactions mediated by lattice vibrations (phonons) [3]. Since high-transition-temperature
(high-Tc ) superconductivity arises in copper oxides when suﬃcient holes or electrons are
doped into the CuO2 planes of their insulating antiferromagnetic (AFM) parent compounds [30], it is important to determine if spin ﬂuctuations play a fundamental role in the
mechanism of high-Tc superconductivity [31]. For hole-doped superconductors, it is now
well documented that the spin ﬂuctuations spectrum forms an ‘hourglass’ dispersion with
the most prominent feature, a collective excitation known as the resonance mode, centered
at the AFM ordering wavevector Q = (1/2, 1/2) [23, 24, 29, 32–39]. Although the energy of
the mode tracks Tc and its intensity behaves like an order parameter below Tc for materials
such as YBa2 Cu3 O6+x (YBCO) [23, 29, 32–34], the intensity of the saddle point where the
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low energy incommensurate spin ﬂuctuations merge into the commensurate Q = (1/2, 1/2)
point in La2−x (Sr,Ba)x CuO4 (LSCO) displays negligible changes across Tc [38–40]. Instead,
the eﬀect of superconductivity in optimally hole-doped LSCO is to open a spin gap [35]
and pile density of states along incommensurate wavevectors at energies above the spin
gap [36, 38, 39], and thus appears to be diﬀerent from YBCO.
If the resonance is fundamental to the mechanism of superconductivity, it should be
ubiquitous to all high-Tc superconductors. Although the superconductivity-induced enhancement at incommensurate wavevectors in LSCO has been argued to be comparable
to the commensurate resonance in YBCO [40], the intensity gain of the resonance below Tc may not always be compensated by opening of a spin gap and spectral weight
loss at lower energies. For example, the resonance intensity gain in the electron-doped
Pr0.88 LaCe0.12 CuO4 (PLCCO, Tc = 24 K) below Tc is not compensated by spectral weight
loss at lower energies [27]. On the other hand, while neutron scattering measurements
found a low-temperature spin gap (about 4 meV) in the electron-doped superconductor
Nd1.85 Ce0.15 CuO4 (NCCO) [41, 42], there have been no report of the resonance or spectral
weight gain at energies above the spin gap below Tc . Therefore, the relationship between
the superconducting spin gap and the resonance is still an open question. In this chapter,
we studied the temperature dependence of the spin ﬂuctuations in an optimally electrondoped NCCO (Tc = 25 K). We conﬁrm the presence of a low-temperature spin (pseudo)
gap [42] and show that the eﬀect of superconductivity also induces a resonance at energies
similar to electron-doped PLCCO [27]. Our results thus demonstrate that the resonance
is an ubiquitous feature of optimally electron-doped superconductors. Its intensity gain
below Tc in NCCO is due in part to the opening of a spin pseudo gap and spectral weight
loss at low energies. This is remarkably similar to the optimally hole-doped LSCO [38,39],
and thus suggesting that the enhancement at incommensurate wavevectors below Tc in
LSCO has the same microscopic origin as the commensurate resonance in other high-Tc
superconductors.
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2.2

Experimental details

We grew a high quality (mosaicity < 1◦ , 3.5 grams) NCCO single crystal using a mirror image furnace [43]. Fig. 2.1a plots the magnetic susceptibility measurements showing an onset Tc of 25 K with a transition width of 3 K. Our neutron scattering experiments were performed on the IN-8 thermal triple-axis spectrometer at the Institute Laue
Langevin, Grenoble, France. We deﬁne the wave vector Q at (qx , qy , qz ) as (h, k, l) =
(qx a/2π, qy a/2π, qz c/2π) reciprocal lattice units (r.l.u) in the tetragonal unit cell of NCCO
(space group I4/mmm, a = 3.95, and c = 12.07 Å). For the experiment, the NCCO sample
is mounted in the [h, k, 0] zone inside a cryostat. We chose a focusing Si(111) as monochromator and PG(002) as analyzer without collimation. The ﬁnal neutron energy was ﬁxed
at Ef = 14.7 meV with a pyrolytic graphite (PG) ﬁlter in front of the analyzer. This
setup resulted an energy resolution of about 1 meV in full-width-half-maximum (FWHM)
at Q = (−0.5, 0.5, 0).

2.3

Low energy spin gap and resonance mode

To understand the eﬀect of superconductivity on the Cu2+ spin ﬂuctuations, we must
ﬁrst determine the temperature dependence of the magnetic excitations from Nd3+ crystal
electric ﬁeld (CEF) levels in NCCO. For Nd ions in the tetragonal NCCO crystal structure,
the three lowest energy CEF magnetic excitations are at ω = 12.2 ± 0.3 meV, 20.3 ± 0.1
meV, and 26.5 ± 0.3 meV [68]. Our energy scans at Q = (−0.5, 1.5, 0) conﬁrm these results
and show that the intensities of these CEF levels have small temperature dependence
between 2 K and 30 K (Fig. 2.1c).
Fig. 2.2 summarizes the transverse and longitudinal Q-scans around (−0.5, 0.5, 0) at
diﬀerent energy transfers and temperatures. Consistent with earlier results on NCCO [42]
and PLCCO [27,45], the scattering is commensurate and centered at Q = (−0.5, 0.5, 0) for
all energies probed. Fig. 2.2a-d show the raw data (with scan directions marked) below
and above Tc at ω = 2.5, 8 meV. At T = 30 K (Tc + 5 K), the magnetic scattering
above the linear backgrounds decreases slightly with increasing energy from 2.5 meV to
8 meV (Figs. 2.2e and 2.2f). On cooling to below Tc , the peak intensity is drastically
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Figure 2.1: a) Schematic diagrams of real and reciprocal space of the CuO2 with the
transverse and longitudinal scans marked as a and b, respectively. Magnetic susceptibility
measurements of Tc . b) Summary of the resonance energy as a function of Tc for various
hole- and electron-doped superconductors from [27] with NCCO (this work) and LSCO [38]
added. c) Energy scans at Q = (−0.5, 1.5, 0) at 2 K and 30 K. The three CEF levels are
marked by arrows [68].
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Figure 2.2: Transverse and radial scans through Q = (−0.5, 0.5, 0) for a,b) ω = 2.5 meV,
and c,d) 8 meV at various temperatures. Radial scans in b,d) are instrumental resolution
limited (horizontal bars) that gives a minimum dynamic spin correlation length ξ ≈ 46 Å
at 2.5 meV. Transverse scans around Q = (−0.5, 0.5, 0) with linear background subtracted
for e) ω = 2.5 meV, f) 8 meV, and g) 10 meV at temperature above and below Tc . h)
The transverse scan around Q = (−0.5, 1.5, 0) at ω = 36 meV has negligible temperature
dependence across Tc .
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suppressed for ω = 2.5 meV (Figs. 2.2a and 2.2b), and it increases for ω = 8 meV
(Figs. 2.2c and 2.2d). Figs. 2.2e-g show background subtracted transverse scans at various
energies. It is immediately clear that cooling below Tc suppresses the Q = (−0.5, 0.5, 0)
peak at ω = 2.5 meV but enhances scattering at ω = 8 and 10 meV. On the other hand,
magnetic scattering at ω = 36 meV changes negligibly from 2 K to 50 K (Fig. 2.2h).
Figs. 2.3a and 2.3b show energy scans at the signal [Q = (−0.5, 0.5, 0)] and background
[Q = (−0.34, 0.66, 0)] positions above and below Tc . Although the large Nd3+ CEF level
dominated the magnetic scattering at ω = 12 meV [68], one can still see clear Cu2+ spin
ﬂuctuations centered at (−0.5, 0.5, 0) for energies between 2 and 10 meV. In the normal
state, the magnetic scattering decreases with increasing energy, consistent with Q-scans
at ω = 2.5, 8, and 10 meV (Figs. 2.2e-g). In the superconducting state, the low-energy
spin ﬂuctuations at Q = (−0.5, 0.5, 0) are suppressed for ω ≤ 4 meV and there is a clear
scattering intensity gain for 6 ≤ ω ≤ 10 meV. The contrast between the normal and
superconducting states becomes more obvious when changes in background scattering are
taken into account (Fig. 2.3b). The large Nd3+ CEF scattering between 10 < ω < 33
meV (Fig. 2.1c) overwhelmed Cu2+ magnetism. The background corrected diﬀerence plot
between the superconducting and normal states shows a resonance at ω = 9.5 ± 2 meV,
similar to that for PLCCO [27].
To determine if the low temperature spin ﬂuctuations’ suppression below 4 meV and
enhancement between 6 to 10 meV are indeed associated with the opening of a superconducting gap below Tc as in the tunneling experiments [46], we carefully measured
the temperature dependent scattering at the peak [Q = (−0.5, 0.5, 0)] and background
[Q = (−0.6, 0.4, 0)] positions for ω = 2.5 and 8 meV. From previous low-energy inelastic neutron scattering work on NCCO [42], we know that the spin gap in NCCO opens
gradually with decreasing temperature until it reaches to about 4 meV at 2 K. While peak
intensity in the Q-scans at ω = 2.5 meV show a clear low temperature suppression, there
is still a peak present at Q = (−0.5, 0.5, 0) even at 2 K. Therefore, optimally electrondoped NCCO does not have a clean spin gap as in the case of the optimally hole-doped
LSCO [35]. The temperature dependence of the scattering at the peak and background
positions (Figs. 2.4a and 2.4b) reveals that the intensity suppression at ω = 2.5 meV does
not happen at Tc but at 9 K (Tc − 16 K). While this result conﬁrms the earlier report [42],
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Figure 2.3: a) The temperature dependence of the scattering at the peak [Q =
(−0.5, 0.5, 0)] and background [Q = (−0.34, 0.66, 0)] positions below and above Tc . Note
the intensity is plotted in log-scale to display the large intensity diﬀerence between the
Nd3+ CEF level at ω = 12 meV and Cu2+ spin ﬂuctuations centered at Q = (−0.5, 0.5, 0)
for energies between 2 and 10 meV. b) Background subtracted magnetic scattering at
Q = (−0.5, 0.5, 0) below and above Tc . The data are cross checked by constant-energy
scans in Fig. 2.2. c) The temperature diﬀerence plot showing the resonance at Er = 9.5± 2
meV. The large error is due to the uncertainty in obtaining Cu2+ magnetic signal above
10 meV.
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Figure 2.4: Temperature dependence of the scattering at ω = 2.5, and 8 meV. a) The
raw data at the signal [Q = (−0.5, 0.5, 0)] and background [Q = (−0.6, 0.4, 0)] positions.
b) The background subtracted magnetic scattering at ω = 2.5 meV shows no anomaly
cross Tc but drops dramatically below 9 K. The data from the ﬁtted Q-scans are shown as
circles. c) Temperature dependent data for ω = 8 meV, a resonance coupled to Tc like an
order parameter is clearly seen in the background subtracted data in d). The estimated
temperature dependence of the Nd3+ CEF level at 8 meV (from 12 meV to 20 meV) is
shown as solid line in c) [68].
it also suggests that the gradual opening of the (pseudo) spin gap is not directly related the
temperature dependence of the superconducting gap which is BCS-like [46] and becomes
essentially fully opened with 2Δ ≈ 7 meV below 12 K (50% of Tc ).
On the other hand, the temperature dependence of the scattering at ω = 8 meV
is clearly coupled to the occurrence of superconductivity. With increasing temperature,
the scattering at Q = (−0.5, 0.5, 0) ﬁrst decreases like an order parameter, showing a
kink at Tc , and then increases again above 30 K. It turns out that the large intensity
rise above 30 K at ω = 8 meV is due to the CEF transition from 12 meV to 20 meV
as the 12 meV state is being populated with increasing temperature (Fig. 2.4c) [68].
As the CEF levels are weakly Q-dependent, the large intensity increase above 30 K is
also seen in the background (Fig. 2.4c). The diﬀerence between signal and background
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shows a clear order-parameter-like temperature dependence of the resonance, remarkably
similar to the temperature dependence of the resonance in PLCCO [27] and hole-doped
superconductors [23, 24, 29, 32–34].

2.4

Discussion and conclusions

The discovery of the resonance in another class of electron-doped superconductors suggests
that the mode is a general phenomenon of electron-doped superconductors independent of
their diﬀerences in rare-earth substitutions [41]. For hole-doped LSCO [35–39], the intensity
enhancement in spin susceptibility above the spin-gap energy has been characterized as
the magnetic coherence eﬀect [36, 40]. The observation of the susceptibility enhancement
at energies (6 ≤ ω ≤ 13 meV) just above the spin pseudo gap energy of 4 meV in
NCCO is consistent with this picture, although the temperature dependence of the spin
pseudo gap in NCCO behaves rather diﬀerently from those in LSCO [35, 42]. In our
search for the excitations responsible for electron pairing and high-Tc superconductivity,
one of the arguments against the relevance of the resonance has been the inability to
observe superconductivity-induced commensurate resonance in LSCO [35,36,38,39]. If the
resonance is a phenomenon associated with the opening of a superconducting gap and the
subsequent local susceptibility enhancement, it is natural to regard the susceptibility gain
in both NCCO and LSCO as the resonance. Adding these two points to the universal
Er = 5.8kB Tc plot in Fig. 2.1b suggests that while the resonance energy itself is intimately
related to Tc , other details such as the spin gap, commensurability, and hourglass dispersion
found in diﬀerent materials may not be fundamental to the superconductivity.
For hole-doped superconductors, the hourglass dispersion has been interpreted either
as the signature of “stripes” where doped holes are phase separated from the Mott-like
AF background [47–49], or as a bound state (spin exciton) within the gap formed in the
non-interacting particle-hole continuum of a Fermi-liquid [50, 51]. Although the resonance
in PLCCO has been interpreted as an over damped spin exciton [52], it remains a challenge
to understand how the resonance can arise both from NCCO which has a spin pseudo gap
and from the gapless PLCCO [53].
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Chapter 3

Polarized and Unpolarized
Neutron Scattering Measurements
of Spin Fluctuations of Optimally
Doped
Pr0.88LaCe0.12CuO4−δ (Tc = 24 K)
3.1

Introduction and motivation

In Chapter 2, we demonstrated the resonance is also a universal feature for electron doped
cuprates, thus must be relevant to the high Tc superconductivity in cuprates. However, to
identify if the resonance is the driving force, or only the consequence of the high Tc superconductivity, it is important to study the electron (charge) resonance(spin excitations)
couplings and their consequence to high Tc superconductivity. In conventional superconductors, the electron-phonon interaction responsible for electron pairing and superconductivity was unequivocally established by tunneling and neutron scattering experiments,
where peaks in the second derivative of the tunneling current d2 I/dV 2 corresponds to
phonon modes observed by inelastic neutron scattering [55–57]. To obtain the equiva-
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lent information in high-transition-temperature (high-Tc ) copper oxide superconductors,
it is important to identify the electron-boson coupling [58] (or the lack of [59]) and their
connections to superconductivity. For bosonic “pairing glue” mediated superconductors,
the “glue” may arise from the usual electron-phonon interaction [3] or the exchange of
particle-hole spin ﬂuctuations characterized by the imaginary part of the dynamic susceptibility, χ (Q, ω), seen in inelastic magnetic neutron scattering [60]. While tunneling
experiments using scanning tunneling microscopy (STM) on hole-doped Bi2 Sr2 CaCu2 O8−δ
(BSCCO) have identiﬁed an oxygen lattice vibrational (bosonic) mode whose energy is
anticorrelated with the superconducting gap energy scale and thus suggesting a strong
electron-phonon coupling [61], similar experiments on electron-doped Pr0.88 LaCe0.12 CuO4
(PLCCO, Tc = 24 K) have revealed a bosonic excitation (10.5 meV) at an energy consistent
with spin-excitations rather than oxygen phonons [62]. However, previous measurements
only covered small energy range and there is still some lack of knowledge about the overall
dynamic susceptibility spectral weight redistribution across Tc . To extend the approach in
conventional superconductors to high Tc superconductors in the frame work of Eliashberg
function [55–57], accurate inelastic neutron scattering measurements of the bosonic spectra
of spin excitations over a wide energy range and temperatures followed by high resolution
tunneling spectroscopy on the same material is required.
If spin excitations in PLCCO are indeed responsible for the electron pairing and the
bosonic mode seen by STM [62] in a manner similar to the role played by phonons in
conventional superconductors, the energy spectrum of dynamic susceptibility χ (Q, ω) [39]
should have the highest density of states at the mode energy (10.5 ± 2.5 meV). Although
previous neutron scattering experiments on PLCCO have shown a clear magnetic intensity gain at ∼ 10.5 meV below Tc , consistent with the collective spin excitation centers
at the antiferromagnetic ordering wavevector Q = (0.5, 0.5) termed ”resonance” [27], the
energy dependence of the χ (Q, ω) over a wide energy range at diﬀerent temperatures
was not established because the diﬃculty in separating the magnetic scattering from the
nonmagnetic background using unpolarized neutrons. In this chapter, we studied the spin
excitation spectra over a wide energy range (0.5 < ω < 30 meV) at both normal state
and superconducting state in electron doped cuprate Pr0.88 LaCe0.12 CuO4−δ (Tc = 24 K)
using both polarized and unpolarized inelastic neutron scattering. The polarized neutron
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scattering can isolate the magnetic scattering from the phonon scattering and provide accurate spin dynamic susceptibility. We ﬁnd in addition to the dominant dispersionless 10.5
meV ”resonance” peak, the dynamic susceptibility χ (Q, ω) displays a second dispersive
mode at around ∼ 2 meV at both normal state and superconducting state, suggesting the
low energy spin excitations are more structured than we expect [65]. More importantly,
the overall spin excitations spectrum agree with the electron tunneling spectrum observed
by the new tunneling experiment in the same sample [54], indicating the bosonic modes
revealed by tunneling measurement may originate from the spin excitations, suggesting
the strong electron spin excitation coupling in the system. Comparing with the electron
phonon coupling in conventional superconductors, we conclude that the spin excitations is
the most possible candidate for the pairing ”glue” of the high-Tc superconductivity. Furthermore, the magnetic correlation function S(Q, ω) ( < 1 meV) show that part of spin
excitations are suppressed below Tc and are prominently in analog to those of p−type
underdoped La1.895 Sr0.105 CuO4 and YBa2 Cu3 O6+δ [63, 66], suggesting a superconducting
spin pseudo gap opens up.

3.2

Unpolarized and polarized neutron scattering experimental setup

We grew high quality Pr0.88 LaCe0.12 CuO4 single crystals with mosaicity< 1◦ using the
Traveling Solvent Floating Zone (TSFZ) method. The as-grown crystals are non-superconducting.
After annealing in vacuum at around 800◦ C for about four days, we got the optimally
doped superconducting samples with onset superconducting transition temperature 24
K. This sample is phase pure superconductor without the anitiferromagnetic order different from another electron doped cuprate Nd1.85 Ce0.15 CuO4−δ , in which the static antiferromagnetic order coexists with the superconductivity. The neutron scattering experiments were carried out on the same sample as the tunneling experiment [54], thus
avoiding uncertainties associated with diﬀerent samples. We labeled the positions in reciprocal space at wave vector Q = (qx , qy , qz )Å−1 using (H, K, L, )(r.l.u.) notation, where
(H, K, L) = (qx a/2π, qy b/2π, qz c/2π). PLCCO has the body centered tetragonal unit cell
with space group I4 /mmm and a = b = 3.98Å, c = 12.27Å. we coaligned three crystals ( 3g
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per piece) with (H, K, 0) as the scattering plane in the cryostat sample environment. We
use polarized and unpolarized neutron scattering to detect the spin excitations near the
antiferromagnetic zone center Q = (0.5, 0.5, 0) and Q = (1.5, −0.5, 0) with energy transfer
from 0.5 to 30 meV. The unpolarized experiments are performed on cold neutron SpinPolarized Inelastic Neutron-Scattering Spectrometer (SPINS) at NIST Center for Neutron
Research. For the data collected from SPINS, the ﬁxed ﬁnal energy Ef = 5 meV and
collimation guid − open − 80 − open were used. Cooled Beryllium ﬁlter was put behind
the sample to eliminate higher-order contamination of the scattered beam.
The polarized neutron scattering experiment was carried out on the thermal neutron
three-axis spectrometer with polarization analysis IN20 at Institut Laue Langevin and the
ﬁxed ﬁnal energy Ef = 14.7 meV was used. The polarization directions P (100), (010), (001)
are denoted as x, y, z direction, respectively (Fig. 3.1a). Momentum transfer Q is parallel
to the x direction and xy plane is parallel to the scattering plane of the crystals. We
labeled diﬀerent neutron spin states as spin up (+) and spin down (−). Then spin-ﬂip(SF)
process and non-spin-ﬂip (NSF) process can be denoted as (∓±) and (±±), respectively.
All measurements were performed with the incident polarization P

Q (Fig. 3.1a), for

which magnetic scattering occurs entirely in the spin-ﬂip (SF) channel and the nonmagnetic
scattering occurs in the non spin-ﬂip (NSF) channel.

3.3

Unpolarized neutron scattering experiment results

Figs. 3.1b-1g summarize the low energy constant-E scans along [H, 1 − H, 0] at diﬀerent temperatures on SPINS. The magnetic excitations are commensurate and centered at
(0.5, 0.5, 0) for all energies probed. Fig. 3.1b shows the spin excitation intensity is suppressed at 1 meV on cooling from normal state (24 K) to superconducting state (2 K),
suggesting the system opens up a spin pseduogap. The spin excitations have little temperature dependence between 2 K and 24 K above 1.5 meV. With increasing temperature,
the spin excitations disappear at about 150 K for all the energies probed. The ConstantQ scans at peak center (0.5, 0.5, 0) and background (0.56, 0.44, 0) meV again conﬁrm the
presence of superconducting spin pseduogap (Fig. 3.2a). In Fig. 3.2c, we obtain dynamic
susceptibility χ (Q, ω) by correcting the magnetic correlation function S(Q, ω) for the ther32

z

a

z
k

SF

P

Q
40

y

x

ki

0.5

kf

NSF

Cu O

0.5

1.5

h

c

b
SPINS

20

d

e

f

g

40

20

40

40

20
20

0.45

0.50
[h,1-h] (r.l.u.)

0.55

0.45

0.50
[h,1-h] (r.l.u)

0.55

Figure 3.1: (a)Polarization directions of neutron in recipical space and schematic diagrams
of real and reciprocal space of the CuO2 plane, all neutron scattering experiments are
performed near the antiferromagnetic zone center [Q = (0.5, 0.5, 0)] or [Q = (1.5, 0.5, 0)];
Transverse Qscans through [Q = (0.5, 0.5, 0)] for (b),(c) ω = 1 meV (d),(e) ω = 1.5 meV
(f) ω = 2.5 meV (g) ω =3.5 meV at diﬀerent temperatures; the horizontal bars are the
instrument resolutions; the solid lines are Gaussian ﬁts.
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mal population factor. The energy dependence of dynamic susceptibility χ (Q, ω) displays
a peak feature at ∼ 2 meV (Fig. 3.2c). The mode is dispersive and shifts from 1.5 meV to
3 meV as the temperature increases from 2 K to 50 K. The peak is present in the normal
state and diminishes at above 100 K, indicating the excitation is purely magnetic in origin.
The spin ﬂuctuations can be ﬁtted with a simple Lorentzian χ (ω) ∝ Γω/(Γ2 + ω 2 ) (Fig.
3.2c), as the spin ﬂuctuation relaxation rate Γ increases as warming (Fig. 3.2d). The ∼ 2
meV spin response at below the resonance mode seems conﬂicted with the ”spin exciton”
scenario, because in such a model the resonance mode is interpreted as an overdamped spin
exciton located near the particle-hole continuum, below which the spin excitations should
be gapped because of the opening of the superconducting gap. More importantly, we notice
that this ”double peak” structure is strikingly similar to the bosonic modes observed in
the same sample by the tunneling experiment [54]. The detailed agreement between the
tunneling spectrum and the neutron data on dynamic susceptibility is strong evidence that
the charge carriers in PLCCO are coupled through a spin excitation mechanism. In the
normal states above 50 K, we observe linear energy dependence of spin response as E → 0
and the signals are suppressed as warming, which can be understood in an AFM Fermi
liquid framework [69].
Fig. 3.3 shows the temperature dependence of the spin ﬂuctuations below the spin
pseudo gap (1 meV) and above the spin gap (3.5 meV). The peak intensity at 1 meV
displays a ”kink” structure at Tc , very much like that of underdoped La1.895 Sr0.105 CuO4
and YBa2 Cu3 O6+δ [63,66], suggesting the suppression of the spin excitations at low energy
is due to the opening of superconducting gap below Tc . The spin gap is incomplete as there
is still some intensity observed even at 2 K suggesting there is no clean spin gap, which
could be due to the central mode like magnetic excitations as observed in underdoped
YBCO and LSCO [63, 64, 66]. The temperature dependence at 3.5 meV is much weaker
and exhibits negligible changes across Tc .

3.4

Polarized neutron scattering experiment results

In our previous measurement in PLCCO, we observed spin excitation enhancement at 10.5
meV upon entering superconducting state on unpolarized neutron triple axis spectrometer
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Figure 3.2: (a), (b) The energy scans at the antiferromagnetic zone center [Q = (0.5, 0.5, 0)]
and background away from the zone center [Q = (0.56, 0.44, 0)] positions at various temperatures, showing a spin pseudo gap opens up below Tc ; the corresponding χ (ω) are
plotted in (c), displaying dispersive modes from 4 meV to 1.5 meV; the solid lines in (c)
are ﬁts to χ (ω) ∝ Γω/(Γ2 + ω 2 ) The inset (d) shows the temperature dependence of the
relaxation rate Γ at diﬀerent temperatures.

SPINS

Tc

Figure 3.3: (a), (b) the temperature dependence of the scattering at antiferromagnetic zone
center [Q = (0.5, 0.5, 0)] and background away from the zone center [Q = (0.56, 0.44, 0)]
positions at ω = 1 meV and ω = 3.5 meV, respectively. (c) The background subtracted
magnetic scattering at ω = 1 meV, showing a kink structure at Tc . (d) The background
subtracted magnetic scattering at ω = 3.5 meV showing no anomaly across Tc ; the solid
lines are guided to the eye.
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Figure 3.4: (a) IN20 measurements of Q-scans through [Q = (1.5, −0.5, 0)] at ω = 10
meV in spin-ﬂip (SF) channel at 2 K and 30 K, showing a clear intensity enhancement on
cooling from 30 K to 2 K consistent with the unpolarized neutron scattering data [27]. (b)
Q-scans through [Q = (1.5, −0.5, 0)] at ω = 3meV in spin-ﬂip (SF) channel at 2K. (c),
(d) Q-scans through [Q = (1.5, −0.5, 0)] at ω = 10 meV and ω = 3 meV in non spin-ﬂip
(NSF) channel at 2 K; the solid lines are Gaussian ﬁts.
[27]. The most unambiguous method to discriminate between magnetic neutron scattering
and nuclear excitation is polarized neutron scattering. We performed polarized neutron
scattering measurements on PLCCO at IN-20 triple axis spectrometer at a wider energy
range, in order to separate the magnetic signal from the phonon scattering and other
spurious contributions. Fig. 3.4 plots the Q-scans of both spin-ﬂip (SF) channel and
non spin-ﬂip (NSF) channel at 2 K and 30 K with energy transfer 10 meV and 3 meV,
respectively. At the SF channel (Fig. 3.4a), there is a signal enhancement on cooling from
30 K to 2 K at 10 meV. Fig. 3.4c and Fig. 3.4d show that they are featureless at the NSF
channels therefore demonstrates that the resonance in PLCCO is magnetic excitations and
has nothing to do with the phonon scattering or spurious eﬀects.
In order to establish the over all feature of the energy dependence of the dynamic
susceptibility, we measured the E-scans at the peak center (1.5, −0.5, 0) and background
(1.64, −0.36, 0) at temperatures of 2 K and 30 K in both SF channel and NSF channel (Fig.
3.5). Fig. 3.5b shows the dynamic susceptibility χ (Q, ω) is dominated by a resonance
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Figure 3.5: (a) IN20 measurements of the energy scans at the antiferromagnetic zone
center [Q = (1.5, −0.5, 0)] and background [Q = (1.64, −0.36, 0)] positions at 2 K and 30
K in spin-ﬂip (SF) channel, the Q independent 18 meV peak originates from a crystalline
electric ﬁeld (CEF) excitation [68]; the corresponding χ (Q, ω) are plotted in (b). (c)
Energy scans at [Q = (1.5, −0.5, 0)] in non spin-ﬂip (NSF) channel. (d) Schematic plots of
the χ (Q, ω) of the combined data with energy transfer from 0meV to 30meV in normal
state and superconducting state.
mode at 10.5 meV. The mode is present at normal state and is strongly enhanced in
superconducting state. This mode is consistent with the 10.5 meV mode in tunneling
measurement [62]. Fig. 3.5c plots the over all features of the dynamic susceptibility
by combining the SPINS data and IN20 data. The two peaks structure in the energy
dependence of dynamic susceptibility is surprisingly similar to the bosonic modes revealed
by the tunneling measurements [54].

3.5

Conclusions

If the magnetic excitation is the driving force of the superconductivity, there has to be
suﬃcient spectral weight already present in the normal state. Detailed study of the redistribution of the spectral weight above and below Tc thus is important to develop theoretical
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models. In hole doped cuprate YBCO, theorical calculations show that the change in the
magnetic exchange energy between the normal and superconducting states is enough to account for the cuprate superconducting condensation energy [34, 67]. However, in the hole
doped cuprates, the presence of the normal state pseudo gap and stripe phase which are the
precursor or competing states of the superconducting phase makes these kind of theoretical
calculations much more complicated and questionable. The electron doped PLCCO free
of pseudo gap and stripe phase thus is a much ”cleaner” system suitable for theoretical
calculations. We note that in PLCCO the spin excitation ”two peak” structure is still
prominent in the normal state suggesting that the normal state spin excitation may carry
enough spectrum as the driving force of high Tc superconductivity. Our results show that
the imaginary part of the dynamic susceptibility χ (Q, ω) in PLCCO plays the similar role
as the phonons of conventional BCS superconductors. In both cases, tunneling experiments
observe the corresponding electron bosonic modes at the exactly same energies. In the BCS
superconductors, the similarity between phonon density states spectrum and the tunneling
electron bosonic spectrum has been considered as the direct evidence that phonon is the
”paring glue” of conventional superconductivity. Hence, the spin excitation spectrum in
PLCCO strongly suggest the spin excitations is the mediator (”pairing glue”) of high Tc
superconductivity.
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Chapter 4

Structural and Magnetic Phase
Diagram of CeFeAsO1−xFx
4.1

Introduction

A determination of the structural and magnetic phase transitions in doped transition
metal oxides is essential for understanding their electronic properties. For high-transitiontemperature (high-Tc ) copper oxides, the parent compounds are antiferromagnetic (AFM)
Mott insulators [70]. When mobile ’electrons’ or ’holes’ are doped into the parent compounds, the static long-range AFM order is rapidly suppressed and optimal superconductivity emerges after a complete suppression of the static AFM order [28, 71–73]. Much
like copper oxide superconductors, high-Tc superconductivity in the recently discovered
rare-earth Fe-based oxide systems RFeAsO (R, rare-earth metal) and (Ba1−x Kx )Fe2 As2
are also derived from either electron [7–11] or hole [74,75] doping of their semimetal parent
compounds. Although the parent compound LaFeAsO also exhibits long range static AFM
order that is suppressed upon electron doping to induce superconductivity [12], there has
been no systematic measurement to establish the doping evolution of the AFM order and
its relationship to superconductivity. A determination of the structural, magnetic, and
superconductivity phase diagram in one of the RFeAsO systems will allow a direct comparison with the phase diagram of high-Tc copper oxides. Such a comparison is important
because it might reveal whether the physics of high-Tc superconductivity in the Fe-based
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materials is fundamentally related to that of the high-Tc copper oxides [76–81].
In this chapter, we show systematic neutron scattering studies of structural and magnetic phase transitions in the Fe pnictides CeFeAsO1−x Fx as the system is tuned from a
semimetal to a high-Tc superconductor through F doping x. We ﬁnd that CeFeAsO undergoes a structural lattice distortion from tetragonal to orthorhombic structure near 155 K
followed by a commensurate AFM ordering on the Fe sublattice below 140 K as shown in
Figs. 4.1 and 4.2, similar to that of LaFeAsO (ref. [12]). While the structural phase transition temperature decreases gradually with increasing F doping and disappears around
x = 0.1 when superconductivity is already well developed (Fig. 4.3), the AFM ordering
temperature and static Fe ordered moment reduce rapidly and essentially vanish before
the emergence of superconductivity for x > 0.6, resulting an electron phase diagram shown
in Fig. 4.1d similar to that of the electron-doped high-Tc copper oxides [72, 73]. Therefore, while superconductivity in CeFeAsO1−x Fx can survive in either the low-temperature
tetragonal or orthorhombic crystal structure, it competes directly with static AFM order.
Our detailed analysis of the low temperature CeFeAsO1−x Fx structures reveals that
F doping does not change the Fe-As distance but reduces the Ce-As distance and FeAs-Fe angles (Fig. 4.4). These results suggest that the main eﬀect of F doping is to
transfer electrons from the Ce-O/F layers to the As-Fe-As block (Fig. 4.4a), thereby
decreasing the distance between them due to increased Columb attraction with electrondoping. Comparison of the structural evolution of CeFeAsO1−x Fx with other rare-earth
Fe pnictides [11, 12, 82, 83] and (Ba1−x Kx )Fe2 As2 [75, 84] suggests that the Fe-As-Fe bond
angle decreases systematically for materials with increasing Tc (Fig. 4.5). The results
suggest that the structural perfection of the Fe-As tetrahedral is crucial for the high-Tc
superconductivity in these Fe pnictides.

4.2

Sample characterizations and elastic neutron scattering
instruments

We use neutron diﬀraction to study the structural and magnetic phase transitions in polycrystalline nonsuperconducting CeFeAsO1−x Fx with x = 0, 0.02, 0.04, 0.06 (as conﬁrmed
by measurements using a commercial SQUID) and superconducting CeFeAsO1−x Fx with
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x = 0.08, 0.10, and 0.16 (Tc s for x = 0.08 and 0.10 are shown in the insets of Fig. 4.4, and
Tc for x = 0.16 is 35 K, all determined by the susceptibility measurement using a SQUID)
using the method described in Ref. [9]. Our experiments are carried out on the BT-1 high
resolution powder diﬀractometer and BT-7 thermal triple-axis spectrometer at the NIST
Center for Neutron Research, Gaithersburg, Maryland. Some measurements were also performed on the HB-3 thermal triple-axis spectrometer at the High Flux Isotope Reactor,
Oak Ridge National Laboratory.

4.3

Magnetic and lattice phase diagrams in CeFeAsO1−xFx

In previous work, it was found that LaFeAsO undergoes a structural distortion below 155
K, changing the symmetry from tetragonal (space group P4/nmm) to monoclinic (space
group P112/n) [12] or orthorhombic (space group Cmma) [85], and followed by a long
range commensurate AFM order with a collinear spin structure below 137 K [12]. For
convenience in comparing the low temperature nuclear and magnetic structures, we use
orthorhombic Cmma space group to describe the low temperature structural data in this
chapter. Since CeFeAsO1−x Fx has rare earth Ce which carries a local magnetic moment [9]
and therefore diﬀerent from the nonmagnetic La in LaFeAsO1−x Fx (ref. [12]), we ﬁrst need
to determine whether this material has the same lattice distortion and magnetic structure
as those of LaFeAsO1−x Fx . Our high-resolution neutron powder diﬀraction measurements
on BT-1 conﬁrm that the lattice symmetry of CeFeAsO also displays the tetragonal to
orthorhombic transition below 158 K (Figs. 4.1d and 4.2a), where the (2, 2, 0)T peak in
the tetragonal phase is split into (0, 4, 0)O and (4, 0, 0)O peaks in the orthorhombic phase
(inset in Fig. 4.2a).
To see if the Fe spins in CeFeAsO exhibit the same magnetic order as that of LaFeAsO
(ref. [12]), we carried out measurements on BT-7. The Ce moments order magnetically below 4 K (ref. [9] and Fig. 4.2e), we took data at 40 K to avoid any possible induced-moment
inﬂuence of Ce on the intensities of the Fe magnetic peaks (Fig. 4.1c). Comparison of Fig.
4.1c with the same scan at 160 K and with Fig. 4.3c in ref. [12] for LaFeAsO immedi√
√
ately reveals that the Fe magnetic unit cell in CeFeAsO can be indexed as 2aN × 2bN ×
cN , where aN , bN , and cN are nuclear lattice parameters of the unit cell (see Table 2a).
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This indicates that CeFeAsO has the same collinear in-plane Fe AFM structure as that of
LaFeAsO, but the c-axis nearest-neighbor spins are parallel in CeFeAsO rather than antiparallel as in LaFeAsO. Hence there is no need to double unit cell along the c-axis (Fig.
4.1a), and an excellent ﬁt to the data is achieved using the magnetic and nuclear unit cells
in Figs. 4.1a and 1b as shown by the solid red line of Fig. 4.1c. The ordered iron moment
is 0.8(1) μB at 40 K, where numbers in parentheses indicate uncertainty in the last decimal
place and μB denotes Bohr magneton. The magnitude of the Fe moment in CeFeAsO is
about twice that of the Fe ordered moment in LaFeAsO (ref. [12]). We also determined the
Ce magnetic structure using data collected at 1.7 K and found a strong coupling between
the Fe and Ce moment below 20 K (Figs. 4.2e-4.2g). The Ce and Fe ordered moments
at 1.7 K are 0.83(2) μB /Ce and 0.94(3) μB /Fe, respectively. Our determined Ce and Fe
magnetic structures are shown in Figs. 1a and 1b. The lack of the c-axis unit cell doubling
in the Fe magnetic structure of CeFeAsO is diﬀerent from that of LaFeAsO, but identical
to the Fe spin structure in PrFeAsO which has an Fe ordered moment of 0.48(9)μB /Fe
(refs. [86, 87]. On the other hand, Fe magnetic ordering in NdFeAsO has the same spin
structure as LaFeAsO but with a moment of only 0.27(7) μB /Fe (ref. [88]). Assuming
that the observed AFM order in diﬀerent rare-earth oxypnictides indeed arises from spindensity-wave (SDW) instability in a nested Fermi surface [79–81, 89] it is unclear how the
diﬀerent observed Fe AFM structures/moments for diﬀerent rare-earth oxypnictides can
be explained by their diﬀerences in band structures, as most of the calculations are carried
out for LaFeAsO.
Having shown that the lattice distortion and Fe magnetic unit cells are rather similar
between CeFeAsO and LaFeAsO, it is important to determine the evolution of the lattice
and magnetic structures with increasing F doping as superconductivity is induced. If the
collinear AFM order in CeFeAsO and LaFeAsO is a SDW instability arising from a nested
Fermi surface [79–81,89] similar to that of the pure metallic Cr (ref. [90,91]), electron doping will change the electron and hole pocket sizes, but may induce incommensurate SDW
order33. For Cr (refs. [90, 91]), where the SDW order has a long wavelength incommensurate magnetic structure, electron/hole doping quickly locks the SDW to commensurate
antiferromagnetism with an ordered moment that is doping independent [90]. Fig. 4.2
summarizes the structural and magnetic phase transition temperatures for CeFeAsO1−x Fx
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Figure 4.1: Low temperature magnetic structures for Ce and Fe in CeFeAsO and the
structural and magnetic phase diagram of CeFeAsO1−x Fx . The data in panel c) were
collected using BT-7 with an incident beam wavelength λ = 2.36 Åwith pyrolytic graphite
(PG) (0,0,2) as monochromator and PG ﬁlter. a) The three dimensional antiferromagnetic
structures of Ce and Fe as determined from our neutron diﬀraction data. b) The magnetic
unit cells of Ce and Fe. The Fe moments lie in the a-b plane and form an antiferromagnetic
collinear structure similar to that of LaFeAsO (ref. [12]), while nearest-neighbor spins along
the c-axis are parallel and so there is no need to double the magnetic cell along the c-axis.
c) Observed (crosses) and calculated (solid line) neutron powder diﬀraction intensities of
CeFeAsO at 40 K using space group Cmma for nuclear structure and a,b) for magnetic
structure. The dashed vertical lines indicate the expected nuclear Bragg peak positions
while the solid vertical lines represent magnetic Bragg peak positions for the spin structure
of the right panel of b). d) The structural and magnetic phase diagram determined from
our neutron measurements on CeFeAsO1−x Fx with x = 0, 0.02, 0.04, 0.06, 0.08, 0.10, 0.16.
The red circles indicate the onset temperature of P4/nmm to Cmma phase transition. The
black squares and green triangles designate the Neel temperatures of Fe TN (Fe) and Ce
TN (Ce), respectively, as determined from neutron measurements in Figs. 4.2e-4.2h. The
superconducting transition temperatures for x = 0.08, 0.012, 0.016, 0.20 (blue diamond) are
from the onset Tc of the resistivity measurements adapted from ref. [9]. The open triangles
are Tc determined from susceptibility measurements in Fig. 4.3. The inset in d) shows the
F doping dependence of the Fe moment as determined from the intensity of the (1, 0, 2)M
magnetic peak at 40 K, where the inﬂuence of the Ce moment on the Fe magnetic Bragg
peak intensity can be safely ignored.
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with x = 0, 0.02, 0.04, 0.06. Inspection of Figs. 2a-2d and their insets immediately reveals
that the onset lattice distortion temperature (seen as the initial drop in (2, 2, 0)T peak
intensity) and the magnitude of the lattice distortion (the low temperature splitting of
the (0, 4, 0)o and (4, 0, 0)o peaks) both decrease gradually with increasing x (Fig. 4.1d).
On the other hand, the wavevector positions and coherence-length limits of the (1, 0, 2)M
magnetic peaks Q = 1.838(1), 1.833(1), 1.837(1), and 1.831(3) Å−1 ; andξ = 140(6), 137(8),
134(11), and 140(30) Åfor x = 0, 0.02, 0.04, 0.06, respectively (see inset of Fig. 4.2g)] are
doping independent, and indicate no observable commensurate to incommensurate phase
transition. The integrated intensity of the (1, 0, 2)M magnetic peak decreases rapidly with
increasing x and essentially vanishes near x = 0.06 (inset in Fig. 4.1d). The corresponding
Nel temperatures for TN (Fe) and TN (Ce) are determined by measuring the temperature
dependence of the (1, 0, 2)M magnetic reﬂection (Figs. 4.2e-4.2h).
To see if the tetragonal to orthorhombic structural phase transition in CeFeAsO1−x Fx
can survive superconductivity which appears for samples with x > 0.06 (ref. [9], we carried
out additional measurements on x = 0.08, 0.10 samples at BT-1 and BT-7. Susceptibility
measurements in the insets of Figs. 4.3a and 4.3b show the onset superconductivity of
27 K and 33 K for x = 0.08, and 0.10 samples, respectively. Although the (2, 2, 0)T peak
does not reveal a clear splitting at 1.5 K indicative of an orthorhombic distortion for the
x = 0.08 sample, its width at low temperature is clearly broader than that at 175 K
(Fig. 4.3a). Detailed analysis of the BT-1 spectra conﬁrms that the Cmma space group
describes the low-temperature data better than the P4/nmm space group, thus indicating
that superconductivity can survive either the tetragonal or orthorhombic crystal structure.
To determine the tetragonal to orthorhombic phase transition temperature, we carefully
measured the temperature dependent proﬁle of the (2, 2, 0)T peak. Figure 3c shows the fullwidth-at-half-maximum (FWHM) of the peak as a function of temperature and it is clear
that the tetragonal to orthorhombic phase transition occurs near 60 K. For comparison,
we also carried our similar measurements for the x = 0.10 sample (Fig. 4.3b). Although
analysis of the low temperature BT-1 spectrum again suggests that the Cmma space group
ﬁts the data better than the P4/nmm space group, the diminishing diﬀerences between
the tetragonal and orthorhombic crystal structures means we were unable to determine a
structural phase transition temperature. Thermal triple-axis measurements on the x =
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Figure 4.2: Structural and magnetic phase transition temperatures as a function of increasing F doping in CeFeAsO1−x Fx . The data in a-d) and e-g) were collected on BT-1
and BT-7, respectively. The Q-scan for x = 0.06 (inset in e) and h) were carried out on
HB-3 using similar setup as BT-7. The BT-1 diﬀractometer has a Ge(3,1,1) monochromator and an incident beam wavelength of λ = 2.0785 Å. a-d) Temperature dependence
of the (2,2,0)T (T denotes tetragonal) nuclear reﬂection indicative of a structural phase
transition [12] for various x. The insets show the (2,2,0)T reﬂection above and below the
transition temperatures [12]. e-h) Temperature dependence of the order parameter at the
magnetic Bragg peak position (1, 0, 2)M as a function of F doping. The large increase
in intensity below 4 K is due to Ce ordering, as conﬁrmed by temperature dependence
of the Ce-only magnetic Bragg peak (0, 0, 1)M . The inset shows the doping dependence
of the (1, 0, 2)M Bragg peak normalized to the nuclear Bragg peak intensity. The peak
positions and widths are essentially doping independent, suggesting that the AFM order
is commensurate at all doping levels.
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Figure 4.3: Low temperature lattice structure and tetragonal to orthorhombic structural
phase transition temperature for superconducting CeFeAsO1−x Fx with x = 0.08, 0.10.
The data were collected on BT-1 and BT-7 using identical experimental setup as that of
Fig. 4.2. a-b) Temperature dependence of the (2, 2, 0)T (T denotes tetragonal) nuclear
reﬂection at 175 K and 1.5 K. In both cases, the width at 1.5 K is broader than that at
175 K. However, the width is larger in the case of x = 0.08 at 1.5 K. The insets show the
superconductivity transition temperature of the neutron samples measured by a SQUID. c)
Temperature dependence of the (2, 2, 0)T Bragg peak width for the x = 0.08 sample, which
shows a clear kink around 60 K indicating a tetragonal to orthorhombic phase transition.
d) Temperature dependence of the scattering near the (1, 0, 2)M position (as marked by
the arrow) for the x = 0.08 sample. They are featureless indicating no static AFM order.
0.08 sample reveals no evidence of static long range AFM Fe ordering (Fig. 4.3d), thus
suggesting that static AFM order competes directly with superconductivity. To summarize
the systematic work of Figs. 4.2 and 4.3, we plot in Fig. 4.1d the structural and magnetic
phase diagram of CeFeAsO1−x Fx together with superconducting transition temperatures
determined from susceptibility measurements on neutron samples and earlier work [9].
Fig. 4.4 summarizes the impact of F-doping on the crystal structure of CeFeAsO1−x Fx
obtained from our detailed reﬁnement analysis of the BT-1 data. The undoped CeFeAsO
has an orthorhombic low-temperature structure with c > a > b (Fig. 4.4a). Doping
ﬂuorine gradually suppresses both the a (the long Fe-Fe nearest-neighbor distance) and caxes lattice constants while leaving the b-axis (the short Fe-Fe nearest-neighbor distance)
essentially unchanged (Fig. 4b). The system almost becomes tetragonal at x = 0.10 with
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a = b, and the c-axis lattice constant continues to decreasing with increasing doping for
x > 0.10. The reduction in the c-axis lattice constant is achieved via a large reduction
of the Ce-As distance, while the Ce-O/F and As-Fe-As block distances actually increase
with increasing F-doping (Figs. 4.4c and 4.4e). This suggests that the eﬀect of F-doping
is to bring the Ce-O/F charge transfer layer closer to the superconducting As-Fe-As block,
and thereby facilitating electron charge transfer (Fig. 4.4a) as conﬁrmed by recent Xray absorption spectroscopy measurements [92]. Since the Fe-As distance (2.405 Å) is
essentially doping independent (Fig. 4.3e), the strong hybridization between the Fe 3d and
the As 4p orbitals is not aﬀected by electron-doping. On the other hand, if we assume that
the Fe-Fe nearest-neighbor (J1 ) and next-nearest-neighbor eﬀective exchange couplings
(J2 ) are mediated through the electron Fe-As-Fe hopping and controlled by the Fe-As-Fe
angles, Fig. 4.4d suggests that J2 and one of the nearest-neighbor exchange constants (J1 )
decrease with increasing F-doping while the other J1 remains unchanged.

4.4

Evolution of Fe-As-Fe bond angles

In a previous work on the phase diagram of oxygen deﬁcient RFeAsO1−δ (ref. [10]), it was
found that systematically replacing R from La, to Ce, Pr, Nd, and Sm in RFeAsO1−δ
resulted a gradual decrease in the a-axis lattice parameters and increase in Tc . If Tc for
diﬀerent Fe-based superconductors is indeed correlated to their structural properties, one
would expect to ﬁnd a systematic trend between Tc and the Fe-As-Fe bond angles, since
the exchange couplings (J1 and J2 ) are directly related to the Fe-As-Fe bond angles [76,94]
(Fig. 4.5a). Figs. 5b and 5c plot the Fe-As(P)-Fe angles and Fe-Fe/Fe-As(P) distances
versus maximum Tc for diﬀerent Fe-based rare-earth oxypnictides [12, 82–85, 95, 96] and
Ba1−x Kx Fe2 As2 (ref. [75]) superconductors. While the Fe-Fe/Fe-As(P) distances may not
have a clear trend amongst diﬀerent Fe-based superconductors, it is remarkable that the
maximum Tc appears to be directly related to the Fe-As(P)-Fe angles for a variety of
materials (Fig. 4.5c) and the highest Tc is obtained when the Fe-As(P)-Fe angle reaches
the ideal value of 109.47◦ for the perfect FeAs tetrahedron with the least lattice distortion
This suggests that the most eﬀective way to increase Tc in Fe-based superconductors is to
decrease the deviation of the Fe-As(P)-Fe bond angle from the ideal FeAs tetrahedron, as
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Figure 4.4: Low temperature structural evolution of CeFeAsO1−x Fx as a function of F
doping obtained from analysis of the BT-1 data. The atomic positions of CeFeAsO1−x Fx
are shown in Table 2b and the eﬀect of F doping is to expand the Fe-As-Fe block and to
move the Ce-O/F block closer to Fe-As-Fe block, thereby facilitating electron doping to
the superconducting Fe-As-Fe layer. a) schematic diagram deﬁning the Fe-As-Fe block and
illustrating the process of electron doping. b) a, b, c lattice constants of the orthorhombic
unit cell and the two Fe-Fe nearest-neighbor distances as a function of F doping. There is
no observable anomaly across the antiferromagnetic to superconductivity phase boundary
around x = 0.06. c) Ce-O/F and Ce-As distances as a function of F doping. The slight
increase in the Ce-O/F block size is compensated by much larger reduction in the Ce-As
distance, resulting an overall c-axis lattice contraction as shown in b). d) Fe-As-Fe bond
angles as deﬁned in the inset versus F doping. While angle 1 hardly changes with doping,
angles 2 and 3 decrease substantially with increasing F doping. e) The Fe-As bond distance
and As-Fe-As block size versus F doping. The Fe-As distance is independent of F doping.
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Figure 4.5: Fe-As(P)-Fe bond angles, Fe-Fe, and Fe-As(P) distances for diﬀerent Fe-based
superconductors. There is a systematic decrease in the Fe-As(P)-Fe bond angle for Febased superconductors with higher Tc , suggesting that the lattice eﬀects are important.
a) Schematic illustration of what happens to the Fe-As-Fe tetrahedron for Fe-based superconductors as a function of increasing Tc . b,c) Dependence of the maximum-Tc on
Fe-As(P)-Fe angle and Fe-Fe/Fe-As(P) distance. The Fe-As(P)-Fe angles and Fe-Fe/FeAs(P) distances are computed using atomic positions given in Refs. [83, 95] for LaFePO;
Ref. [12] for LaFeAsO; present chapter for CeFeAsO; Ref. [84] for BaFe2 As2 ; Ref. [96] for
NdFeAsO; and Ref. [11] for TbFeAsO0.9 F0.1 . The maximum Tc is obtained when Fe-As(P)Fe bond angle reaches the ideal value of 109.47◦ for the perfect FeAs tetrahedron. Note
here we used the maximum-Tc obtained from susceptibility measurement, which is lower
than that of the resistivity measurement on the same system.
the geometry of the FeAs tetrahedron might be correlated with the density of states near
the Fermi energy.
Table 2a. Reﬁned structure parameters of CeFeAsO1−x Fx with x = 0 at 175 K and
x = 0.16 at 60 K. Space group: P4/nmm. CeFeAsO, a = 3.99591(5), c = 8.6522(1) Å;
CeFeAsO0.84 F0.16 , a = 3.98470(3), c = 8.6032(1)Å.
Atom

site

x

y

z(x = 0)

BÅ2 (x = 0)

z(x = 0.16)

BÅ2 (x = 0)

Ce

2c

1
4

1
4

0.1413(3)

0.34(4)

0.1480(4)

0.58(5)

Fe

2b

3
4

1
4

1
2

0.25(4)

1
2

0.09(3)

As

2c

1
4

1
4

0.6546(2)

0.28(3)

0.6520(3)

0.27(4)

O

2a

3
4

1
4

0

0.30(5)

0

0.50(4)

x = 0, Rp =5.02%, wRp = 6.43%, χ2 = 0.336; x = 0.16, Rp =5.94%, wRp = 8.24%,
χ2 = 2.525
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Table 2b. Reﬁned structure parameters of CeFeAsO1−x Fx with x = 0, 0.02, 0.04, 0.06, 0.08, 0.10
at 1.4 K. Space group: Cmma. Atomic positions: Ce: 4g (0, 1/4, z); Fe: 4b (1/4, 0, 1/2),
As: 4g (0, 1/4, z), and O/F: 4a (1/4, 0, 0).
Atom

a

x=0

x=0.02

x=0.04

x=0.06

x=0.08

x=0.10

a(Å)

5.66263(4)

5.65865(9)

5.6553(1)

5.6511(1)

5.6450(2)

5.6386(7)

b(Å)

5.63273(4)

5.63155(9)

5.6325(1)

5.6346(1)

5.6352(2)

5.6364(7)

c(Å)

8.64446(7)

8.6382(1)

8.6355(2)

8.6335(1)

8.6287(1)

8.6258(2)

z

0.1402(2)

0.1417(4)

0.1419(4)

0.1420(3)

0.1432(4)

0.1439(5)

B(Å2 )

0.36(2)

0.37(6)

0.31(6)

0.46(5)

0.18(6)

0.51(6)

Fe

B(Å2 )

0.34(2)

0.38(4)

0.30(3)

0.34(3)

0.06(3)

0.14(4)

As

z

0.6553(1)

0.6548(3)

0.6555(3)

0.6554(2)

0.6555(3)

0.6556(3)

B(Å2 )

0.45(2)

0.50(6)

0.36(5)

0.24(4)

0.17(5)

0.18(5)

B(Å2 )

0.54(2)

0.53(6)

0.64(6)

0.63(5)

0.24(5)

0.44(6)

Rp(%)

4.31

5.44

4.90

4.71

4.66

5.01

wRp(%)

5.60

6.72

6.31

6.16

5.92

6.34

χ2

2.192

1.258

0.966

0.9622

1.067

1.023

Ce

O/F

4.5

Conclusions

In summary, we have mapped out the structural and magnetic phase transitions of CeFeAsO1−x Fx
and found that the Fe static AFM order essentially vanishes before the appearance of superconductivity [97]. The phase diagram of CeFeAsO1−x Fx is therefore remarkably similar
to that of the electron-doped high-Tc copper oxides. In a recent μSR and 57Fe Mossbauer
spectroscopy work on the phase diagram of LaFeAsO1−x Fx , Luetkens et al. [98] argue
that antiferromagnetism to superconductivity transition is ﬁrst order and orthorhombic
structure does not coexist with superconductivity. In contrast, X-ray scattering [99] and
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μSR experiments [100] on SmFeAsO1−x Fx suggest that a coexistence of static antiferromagnetism and orthorhombic structure with superconductivity in the underdoped regime.
While our neutron diﬀraction experiments conﬁrm no static AFM order for LaFeAsO1−x Fx
at x = 0.05 consistent with the μSR work [98], we ﬁnd clear evidence for the orthorhombic
lattice distortion [101]. These results suggest that the orthorhombic structure can survive superconductivity in LaFeAsO1−x Fx , much like CeFeAsO1−x Fx discussed here and
SmFeAsO1−x Fx (ref. [100]).

Since superconductivity in LaFeAsO1−x Fx (refs. [95, 98],

CeFeAsO1−x Fx (ref. [9]), and SmFeAsO1−x Fx (refs. [99, 100, 102]) systems ﬁrst appear
for x = 0.05, 0.08, and 0.10 respectively. It is possible that the ﬁrst order like phase transition between antiferromagnetism to superconductivity in LaFeAsO1−x Fx (ref. [98]) gradually evolves into Fig. 4.1d for CeFeAsO1−x Fx before becoming that for SmFeAsO1−x Fx
(refs. [99, 100, 102]).
In addition to suppressing the static antiferromagnetism and inducing superconductivity, F doping also reduces the long-axis of the orthorhombic structure in the undoped
CeFeAsO and decreases the Fe-As-Fe bond angles. Comparison of structural parameters of
various Fe-based superconductors reveals that the Fe-As(P)-Fe bond angle decreases systematically for superconductors with increasing Tc s and reaches its maximum value for the
ideal FeAs tetrahedral angle. This means that the structural distortion from the ideal FeAs
tetrahedron is critical to the superconducting transition temperature and must be taken
into account as we consider a mechanism for high-Tc superconductivity in these Fe-based
materials.
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Chapter 5

Magnetic and Lattice Structures of
PrFeAsO, PrFeAsO0.85F0.15 and
PrFeAsO0.85
5.1

Introduction and motivation

The parent compounds (RFeAsO, R=La,Ce,Nd; AFe2 As2 , A=Ba, Sr,) of the iron-based
superconductors investigated so far display a similar antiferromagnetic phase transition
accompanying a tetragonal to orthorhombic structural distortion on cooling from 250 K
to 100 K [12, 88, 89, 105–109, 111, 120]. As shown in Chapter 4, upon doping with ﬂuorine (F), the long range antiferromagnetic order is gradually suppressed before superconductivity appears, indicating a remarkably similar electron phase diagram as the copper
oxide superconductors [106]. Although the lattice structure and magnetic properties of
RFeAsO1−x Fx (R=La,Ce,Nd) are similar, the maximum superconducting temperature Tc
of doped RFeAsO1−x Fx is dramatically diﬀerent, increasing from 26 K to 50 K when R
changes from the non-magnetic element La to magnetic elements Ce, Nd and Pr. The
sensitivity of the superconductivity to rare earth substitution is really surprising, and
completely diﬀerent from copper oxide superconductors in which the superconductivity is
only sensitive to the element substitution within the CuO2 plane (except for the case of
PrBa2 Cu3 O6+x and CeBa2 Cu3 O6+x ). In order to understand how the rare earth substi52

tution controls the Tc , it is important to study how the rare earth substitution aﬀects the
lattice and magnetic structure and the resulting electron band structures.
Here we present neutron scattering studies of the parent compound PrFeAsO and its superconducting counterpart RFeAsO1−x Fx , which possesses the highest Tc in the FeAs-based
superconductor series [112]. Furthermore, since superconductivity in PrFeAsO can also be
induced by forming oxygen vacancies, comparing the structure and magnetic properties of
the F-doped and oxygen deﬁcient samples should provide some clues to understanding the
role of doping in the FeAs-based class of superconductors. Here we investigate the structure and magnetic properties of the parent compound PrFeAsO and its superconducting
counterparts PrFeAsO0.85 F0.15 (Tc = 52 K) and PrFeAsO0.85 (Tc = 52 K) by elastic neutron scattering. We ﬁnd that PrFeAsO undergoes a structural distortion from tetragonal
to orthorhombic symmetry near 153 K, accompanied by a magnetic transition to commensurate antiferromagnetic order of the Fe spins at 127 K. These results, taken together with
the observations of magnetic order in all the other systems which have been investigated
to date [12,88,105–109,111,120], demonstrate that the antiferromagnetic order is universal
for the parent compounds of the FeAs-based superconductors. Upon 15% F doping, both
the structural distortion and magnetic order are suppressed, identical to the other FeAsbased superconductors. We also ﬁnd that the structural distortion and magnetic order are
suppressed in the oxygen-deﬁcient superconducting PrFeAsO0.85 sample. Thus, removing
oxygen from PrFeAsO has the same impact on the structural and magnetic properties as
doping F in the system.

5.2

Experimental details

We have employed neutron diﬀraction to study the structural and magnetic order in polycrystalline samples of PrFeAsO, PrFeAsO0.85 F0.15 (Tc = 52 K) and PrFeAsO0.85 (Tc =
52 K). The samples were synthesized by a high pressure method as described in ref [112].
Our neutron scattering experiments were carried out on the BT-1 powder diﬀractometer
at the NIST Center for Neutron Research (NCNR), using the Ge(3,1,1) monochromator
with an incident beam wavelength of λ = 2.0785 Å. The collimations before and after
the monochromator and after the sample were 15’, 20’, and 7’ full-width-at-half-maximum
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Figure 5.1: Lattice and magnetic structures for Fe and Pr in undoped PrFeAsO. a) The
three dimensional antiferromagnetic structures of Fe and Pr as determined from the reﬁnements of our neutron diﬀraction data. b) The magnetic structure of Fe in the FeAs plane.
c) Observed (crosses) and calculated (solid line) neutron diﬀraction intensities of PrFeAsO
at 175 K, in the tetragonal structure with space group P4/nmm. The inset shows the
detailed data for 18◦ < 2θ < 38◦ where most of the observable magnetic peaks are located.
2θ the diﬀraction angle, and the short vertical lines show the Bragg peak positions. No
magnetic peaks are observed at 175 K. The (purple) trace indicates the intensity diﬀerence between the observed and calculated structures. d) Diﬀraction data at 5 K, ﬁt with
the orthorhombic structure of space group Cmma. The inset plots the detailed data in
18◦ < 2θ < 38◦ showing three indexed magnetic peaks at 5 K, along with the observed
splitting of the structural peak. The magnetic peaks are accounted for by the combined
contributions of Fe and Pr. The (1,0,0) peak vanishes completely above the Pr Neel temperature of 14 K, while the (1,0,1) and (1,0,2) peaks persist above 14 K and vanish at 127
K as shown in Fig. 5.2b.
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(FWHM), respectively. Magnetic order parameters were taken on the HB-3 thermal tripleaxis spectrometer at High Flux Isotope Reactor, Oak Ridge National Laboratory, with an
incident beam wavelength λ = 2.36 Åwith pyrolytic graphite (PG) (0,0,2) as monochromator and PG ﬁlters. Collimations in these conﬁgurations were coarse (typically 40 − 50 ),
for intensity reasons.
Our high-resolution measurements on BT-1 show that the high temperature structure
(175 K) in PrFeAsO can be well described by the expected tetragonal structure of space
group P4/nmm (Fig. 5.1c). The reﬁned structural parameters are listed in Table 1a.
Fig. 5.1d shows the low temperature (5 K) diﬀraction pattern and reﬁnement proﬁles
for PrFeAsO, which can be described with the orthorhombic structure of space group
Cmma. The orthorhombic distortion splits the (220)T of the tetragonal structure into
two peaks, (400)O and (040)O in the orthorhombic structure, as shown in the inset of
Fig. 5.2a. The insets in Fig. 5.1c and 1d show the details of the diﬀraction pattern for 2θ
between 20 to 37 degrees, where most of the observable magnetic peaks are located. We can
clearly see several magnetic peaks at 5 K, which can be simply indexed with the expected
commensurate magnetic structure. These peaks are absent in the 175 K diﬀraction pattern,
indicating that we are in the paramagnetic state at this temperature. Reﬁnements using
the GSAS program give excellent ﬁts for the low temperature diﬀraction pattern, where
the magnetic peaks are well accounted for by the combined Pr and Fe antiferromagnetic
order as shown in Fig. 5.1a and 5.1b. The Fe magnetic unit cell can be indexed as
√
√
2aN × 2bN ×cN , which is exactly the same as for CeFeAsO [106]. The Fe spins order
antiferromagnetically along the orthorhombic a axis and ferromagnetically along the b
and c axis, with the moment direction along the a axis. The measured static ordered Fe
moment is 0.48(9) μB at 5 K, where numbers in parentheses indicate one standard deviation
statistical uncertainty in the last decimal place and μB denotes the Bohr magneton. The
Pr spins order antiferromagnetically as shown in Fig. 5.1a. The static ordered Pr moment
is 0.84(4) μB at 5 K.
Fig. 5.2 plots the order parameter data for the structural and magnetic phase transitions. The onset of the structural transition is indicated by the initial drop in the (220)T
peak intensity with temperature, which is observed to be around 153 K (Fig. 5.2a). Fig.
5.2b reveals that the Pr Neel temperature is about 14 K while the Fe Neel temperature is
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Figure 5.2: Temperature dependence of (2, 2, 0)T nuclear Bragg peak and magnetic
(1, 0, 0)M and (1, 0, 1)M peaks. The data in a) and b) are collected on BT-1 and HB3, respectively. a) Temperature dependence of the (2, 2, 0)T (T denotes tetragonal) nuclear
Bragg peak showing the onset of the structure phase transition is about 153 K. The inset
shows the (2, 2, 0)T reﬂection above and below the transition temperature. b) Temperature
dependence of the order parameter for the (1, 0, 1)M (M denotes Magnetic) magnetic Bragg
peak. The large increase of the intensity below 14 K is due to Pr ordering, as conﬁrmed
by the temperature dependence of the (0, 0, 1)M magnetic Bragg peak, which has only an
intensity contribution from Pr. The intensity of the (1, 0, 1)M peak vanishes at the Neel
temperature 127 K for the iron spin ordering.
about 127 K. Compared to the undoped PrFeAsO system, there is no observable orthorhombic structure distortion in the PrFeAsO0.85 F0.15 down to 5 K (Fig. 5.3a). The tetragonal
P4/nmm structure can describe the diﬀraction pattern very well, as is the case for all the
other highly doped FeAs-based superconductors. The oxygen-deﬁcient PrFeAsO0.85 sample
(Fig. 5.3b) also has no orthorhombic structural distortion down to 5 K, and the reﬁned
structural parameters are essentially the same as for the F doped sample (Table 1b, 1c). In
addition, neither PrFeAsO0.85 F0.15 nor PrFeAsO0.85 has any observable magnetic order at
5 K, suggesting that antiferromagnetic order is directly competing with superconductivity.
Reﬁned structural parameters of PrFeAsO1−x Fx with x = 0 at 175 K, x = 0.15 at 5 K
and PrFeAsO0.85 at 5 K. Space group: P4/nmm. PrFeAsO, a = 3.97716(5), c=8.6057(2)Å;
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Figure 5.3: Structural diﬀraction data for the PrFeAsO0.85 F0.15 and PrFeAsO0.85 superconducting samples. The data were collected on the BT-1 diﬀractometer. a) Observed
(crosses) and calculated (solid line) neutron diﬀraction intensities of PrFeAsO0.85 F0.15 at
5 K for the tetragonal structure (space group P4/nmm). The short vertical lines show the
Bragg peak positions. The (purple/grey) trace indicates the intensity diﬀerence between
the observed and calculated structures. b) Observed (crosses) and calculated (solid line)
neutron diﬀraction intensities of PrFeAsO0.85 at 5 K, reﬁned with the tetragonal space
group P4/nmm.
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PrFeAsO0.85 F0.15 , a = 3.9700(1), c = 8.5331(4) Å; PrFeAsO0.85 , a = 3.9686(1), c =8.5365(3)Å
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PrFeAsO, Rp =4.55%, wRp = 5.8%, χ2 = 0.387; PrFeAsO0.85 F0.15 , Rp =8.24%, wRp
= 10.62%, χ2 = 3.635. PrFeAsO0.85 , Rp =6.99%, wRp = 9.23%, χ2 = 4.652

5.3

Conclusions

To summarize, we have carried out detailed neutron scattering studies of the magnetic
and nuclear structures of the FeAs-based superconductors PrFeAsO0.85 F0.15 (Tc = 52 K),
and PrFeAsO0.85 (Tc = 52 K), along with their parent compound PrFeAsO. Very similar
to the other parent compounds of FeAs-based superconductors, PrFeAsO has a simple
stripe-type antiferromagnetic structure of the iron spins, with a Neel temperature of 127
K and an ordered moment of 0.48(9) μB . The magnetic moments on the Pr sites are also
antiferromagnetically ordered below 14 K, similar to the parent compounds of the other
rare earth FeAs-based superconductors such as CeFeAsO [106] and NdFeAsO [88]. The iron
magnetic order occurs below the transition from the high temperature tetragonal phase to
the low temperature orthorhombic phase of the parent compound that occurs around 153
K. The structural distortion and iron antiferromagnetic order are suppressed completely in
the optimally doped superconducting samples, regardless of whether the superconducting
state is achieved by F doping or oxygen vacancies, and the two types of doping yield very
similar crystallographic structures.
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Chapter 6

Magnetic and Lattice Structures of
SrFe2As2
6.1

Introduction and motivation

Understanding the structural, electronic, and magnetic properties of parent compounds of
high-transition temperature (high-Tc ) superconductors is an essential step in developing a
microscopic theory for superconductivity. In the case of the newly discovered Fe-As based
high-Tc superconductors [8–10, 74, 75, 95, 104], Although the Fe ions in parent compounds
LaFeAsO (ref. [12, 107]), CeFeAsO (ref. [106]), BaFe2 As2 (refs. [108, 113]) and PrFeAsO
(Chapter 5 ref. [87] are found to exhibit commensurate static AFM long range order, all
these neutron scattering experiments on these FeAs-based materials were carried out on
polycrystalline samples [11, 12, 107, 108, 113] where it was not possible to determine the
spin direction, or in most cases the AFM ordering wave vector.
We studied the structural and magnetic phase transitions for SrFe2 As2 , the parent
compound of the (Sr,K)Fe2 As2 superconductors [104,118]. Previous transport, 57Fe Mossbauer, and X-ray diﬀraction experiments [82, 115, 116] have shown that SrFe2 As2 exhibits
structural and magnetic phase transitions at 203 K, where the crystal structure changes
abruptly from tetragonal (I4/mmm) to orthorhombic (Fmmm). Our neutron scattering
experiments conﬁrm the ﬁndings of the x-ray measurements for the structural transition,
while we are able to determine conclusively that the Fe spins in SrFe2 As2 order antiferro59

magnetically along the orthorhombic a-axis and ferromagnetically along the b-axis, with
the moment direction along the a-axis (Figs. 6.1a and 1b). These measurements, together
with the recent discovery of static long-range AFM order of the Fe sublattice in NdFeAsO
(ref. [88]), suggest that the collinear AFM order shown in Fig. 6.1b is ubiquitous for the
parent compounds of the FeAs-based superconductors.

6.2

Magnetic and lattice structures of SrFe2As2

The SrFe2 As2 crystals grown using the method described in Ref. [117]. Our neutron scattering experiments were carried out on the conventional triple-axis spectrometer BT-9 at
the NIST Center for Neutron Research, Gaithersburg, Maryland. The neutron wavelength
employed was = 2.359 Åusing a pyrolytic graphite (PG) monochromator, and PG ﬁlter to
suppress higher-order reﬂections to achieve a monochromatic incident beam. The collimations were 40 -47 -S-40 -80 . We denote positions in momentum space using Q = (H, K, L)
in reciprocal lattice units (r.l.u.) in which Q (in Å−1 ) = (H2π/a, K2π/b, L2π/c), where
a = 5.5695(9), b = 5.512(1), c = 12.298(1) Åare lattice parameters in the orthorhombic
state at 150 K. The sample (5 × 5 × 0.5 mm3 , mosaic ∼ 0.3◦ was mounted on an aluminum
plate and aligned in the [H, 0, L] zone inside a sealed aluminum container with helium
exchange gas and mounted on the cold ﬁnger of a closed cycle helium refrigerator.
Figs. 6.1a and 6.1b summarize our experiments, which show the Fe spin arrangements
with respect to the orthorhombic low temperature crystal structure. To obtain integrated
magnetic intensities necessary for comparison with magnetic structure factor calculations,
we carried out radial (θ : 2θ) as well as rocking (θ) scans for a series of magnetic (1, 0, L)
and (3, 0, L) peaks, where L = 1, 3, 5,...Figs. 6.1c and 1d show scans for the (1,0,1) and
(1,0,3) peaks below and above the AFM ordering temperature. Sharp, resolution-limited
magnetic peaks are observed at 10 K, and completely disappear at 250 K, consistent with
establishment of long-range AFM order. A detailed investigation of the low-temperature
magnetic Bragg peaks in the (H, 0, L) zone revealed an ordered magnetic structure of Fe
ions consistent with previous results on LaFeAsO (ref. [12]), CeFeAsO (ref. [106]), NdFeAsO (ref. [88]) and BaFe2 As2 (ref. [108]). In previous X-ray and neutron diﬀraction
work on BaFe2 As2 and SrFe2 As2 , it was found that structural distortion occurs almost
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Figure 6.1: Crystal and magnetic structures of SrFe2 As2 . a) The three dimensional antiferromagnetic structures of Fe in SrFe2 As2 as determined from our neutron diﬀraction
data. b) The in-plane magnetic structure of Fe in the orthorhombic unit cell of SrFe2 As2 .
The Fe moments are along the a-axis and form an AFM collinear structure along the aaxis direction and ferromagnetic along the b-axis direction, while nearest-neighbor Fe spins
along the c-axis are anti-parallel, identical to that of LaFeAsO (ref. [12]),. J1a , J1b , and J2
indicate the eﬀective exchange couplings. c,d) Radial scans through the magnetic (1, 0, 1)
and (1, 0, 3) magnetic Bragg peaks below and above the Neel temperature, showing clear
resolution-limited magnetic peaks.
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simultaneously with AFM order [82, 108, 113, 115, 116, 118]. To conﬁrm this in our single crystal of SrFe2 As2 , we carried out neutron diﬀraction measurements focusing on the
(2, 2, 0)T nuclear Bragg peak, where T denotes the high temperature tetragonal phase. As
a function of decreasing temperature, the (2, 2, 0)T peak abruptly splits into the (4, 0, 0)O
and (0, 4, 0)O Bragg peaks below 220 ± 1 K as shown in Fig. 6.2. Here the subscript O
denotes orthorhombic symmetry and the observation of both (4, 0, 0)O and (0, 4, 0)O peaks
indicates that our single crystal has equally populated twin domains in the orthorhombic
phase. Fig. 6.2b compares the structural phase transition and magnetic order parameter
in detail as a function of temperature. It is evident that the structural transition occurs
more abruptly compared to the magnetic phase transition. By normalizing magnetic peaks
with nuclear structural peaks using the magnetic structure shown in Figs. 6.1a and 1b,
we estimate that the ground state ordered iron moment is approximately 0.94(4) μB at 10
K, where numbers in parentheses indicate one standard deviation statistical uncertainty in
the last decimal place and μB denotes Bohr magneton.
In previous neutron diﬀraction work on powder samples of LaFeAsO (ref. [12]), CeFeAsO (ref. [106]), NdFeAsO (ref. [88]) and BaFe2 As2 (ref. [108]), it was found that the
Fe spins order antiferromagnetically along one axis of the low-temperature orthorhombic
structure and ferromagnetically along the other axis. However, the actual AFM and ferromagnetic ordering directions, as well as the Fe moment direction, were not determined.
To determine the direction of the AFM ordering in SrFe2 As2 , we carefully probed the (3,
0, 3) magnetic Bragg reﬂection. Fig. 6.3a shows a radial scan for the magnetic scattering,
where we only observed a single (magnetic) peak. Removing the PG ﬁlter allows both (6,
0, 6) and (0, 6, 6) orthorhombic nuclear Bragg peaks to be observed via λ/2 in the incident
beam. We see that the magnetic peak corresponds to the smaller diﬀraction angle, which
establishes that the AFM ordering is along the a-axis. A further check is provided in Fig.
6.3b, where the diﬀraction angle was set to the higher angle reﬂection and rocking curves
were performed, with and without the PG ﬁlter. The only peak observed is the (0, 6, 6)
nuclear reﬂection, when the ﬁlter was removed. This demonstrates that the only magnetic
reﬂection is the (3, 0, 3) peak. Therefore, our experiments conclusively identify the AFM
ordering direction as along the long a-axis direction of the orthorhombic SrFe2 As2 unit cell.
To determine the Fe moment direction, we carried out integrated intensity measure62
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Figure 6.2: Structural and magnetic phase transition as a function of temperature in single
crystal SrFe2 As2 . a) Temperature dependence of the (2, 2, 0)T structural peak, showing
that it abruptly splits below 220 ± 1 K . The data were collected using 10 -10.7 -S-10 -80
collimation. b) Comparison of structural distortion and magnetic order parameter, both
occurring at essentially the same temperature. The structural transition is ﬁrst order,
while the magnetic transition appears to be continuous.
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Figure 6.3: Rocking curves of the (3, 0, 3) magnetic Bragg peak and its comparison with
structural Bragg peaks obtained from λ/2 of the nuclear (6, 0, 6) and (0, 6, 6) reﬂections. b)
Identical rocking curve for (0, 3, 3) magnetic peak position showing no magnetic scattering.
This provides deﬁnitive evidence that the AFM order occurs along the a-axis direction.
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Figure 6.4: Calculated and observed integrated magnetic Bragg peak intensities for Fe spin
direction along the a-axis. The agreement is excellent, demonstrating that the moment
direction is along a. φ is the angle between Fe spin direction and a-axis, which was found
to be close to zero for the best ﬁt of the experimental data. b,c) resolution-limited [H, 0,
1] and [1, 0, L] scans through the (1, 0, 1) magnetic Bragg peak, indicating that the order
in long range in nature with a minimum correlation length of 330 Å.
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ments for a serious of magnetic Bragg reﬂections. Group symmetry analysis performed
in the low temperature Fmmm phase restricts the moments to be either along the a-axis,
b-axis, or c-axis, assuming that the magnetic transition is second order; if it is ﬁrst order
then there are no restrictions on the spin direction. However, if the dominant interactions
are determined by Fe-As-Fe exchange, then the orthorhombic structure dictates that the
diagonal exchange J2 in Fig. 6.1b should be the same for both diagonal directions since the
bond angles and distances are identical. Therefore we expect the Fe spins in SrFe2 As2 to
point either along the a-axis or along the b-axis, and this is indeed the case. Assuming the
Fe spin direction is φ away from the a-axis (inset in Fig. 6.4a), the least square ﬁt of our
magnetic structure factor calculations indicates excellent agreement with a χ2 = 3.8 for
moment along the a-axis (φ = 4 ± 3◦ ). Therefore, it is clear that the moment direction is
along a, and the spin structure is as shown in Figs. 6.1a and 6.1b. The collinear antiferromagnetic structure can be described in an eﬀective J1 −J2 −Jz Heisenberg model [77,78,94],
where J1 and J2 are the antiferromagnetic exchange couplings between the nearest neighbor and second nearest neighbor Fe atoms, respectively, and Jz is the exchange coupling
between FeAs layers (Fig. 6.1b). When J1 < 2J2 , the model has a collinear antiferromagnetic ground state and also an Ising nematic order state at high temperature which can
couple to the structure transition in the general Ginzburg-Landau approach. When Jz /J2
is larger than 0.005, the collinear magnetic and Ising nematic transition temperatures are
very close [77]. In this model, by including the coupling between the Ising order and the
lattice, the structure transition is expected to happen at the same transition temperature as
that of the collinear magnetic transition, which is a good description of the current case in
SrFe2 As2 , where the inter-layer coupling is much larger than that in RFeAsO compounds.

6.3

Exchange couplings in SrFe2As2

The observed conﬁguration of orthorhombic lattice distortion and the corresponding spin
arrangement reveals that the nearest neighbor AFM exchange coupling J1 is not a simple
result of a superexchange interaction arising from electron hopping through the As ion, since
this requires J1a > J1 > J1b after the lattice distortion in order to save total energy [94].
The fact that the ferromagnetic exchange is along the short (b) axis of the orthorhombic
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structure suggests the presence of a signiﬁcant direct ferromagnetic exchange coupling.
That is, J1 = J1 s − J1 d where J1 s is the superexchange AFM contribution and J1 d is
the ferromagnetic part from direct Fe-Fe exchange. The small lattice distortion has little
eﬀect on the local onsite energy, but can directly change the electron hopping amplitude.
Assume that the high-temperature in-plane tetragonal lattice constant aT is split into
orthorhombic a = aT + δ and b = aT − δ. Then the change of the distance between Fe
and the nearest neighbor As is given by the leading order δ2 /4(Fig. 6.1b). Therefore,
the change in the hopping amplitude t’ after lattice distortion is Δt ∝ δ2 . Since the
superexchange J1 s ∝ t4 , its changes after the lattice distortion should be ΔJ1 s ∝ −δ2 .
This means that the reduction in J1 s is a second order eﬀect of the lattice distortion. On
the other hand, since the direct ferromagnetic exchange J1 d is proportional to the hopping
amplitude t, the leading order changes of J1 d along the a- and b-axes after the lattice
distortion should be J1a d ∝ −δ and J1b d ∝ δ respectively. Therefore, J1 increases along the
a-axis and decreases along the b-axis after the lattice distortion. In FeAs-based materials,
the AFM order is rapidly suppressed upon doping. This immediately suggests a decrease
of J1a with increasing doping. Since the decrease of J1a mostly arises from the increase
of the direct exchange J1a d , the long (a) axis of the orthorhombic structure is expected
to be suppressed with increasing electron or hole doping. This phenomenon has indeed
been observed in electron-doped CeFeAsO, where the long (a) axis of the orthorhombic
structure is reduced upon doping F while the short (b) axis is unaﬀected (see Fig. 6.3
of ref. [106]). Therefore, to obtain a comprehensive understanding of the mechanism of
superconductivity in these FeAs-based superconductors, one must consider both the directand super-exchange interactions and their relationship to lattice distortion eﬀects.

6.4

Conclusions

In summary, we have determined the AFM ordering wave vector and spin direction in
SrFe2 As2 , the parent compound of the (Sr,K)Fe2 As2 superconductors. Since recent neutron scattering and μSR experiments also independently conﬁrmed that the Fe spins in
NdFeAsO orders antiferromagnetically with the same spin structure as LaFeAsO (ref. [12]),
CeFeAsO (ref. [106]), and BaFe2 As2 (ref. [108]), it is safe to assume that the collinear static
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antiferromagnetic structure shown in Fig. 6.1b is ubiquitous for the parent compound of
these FeAs-based high-Tc superconductors.
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Chapter 7

Spin Waves and Magnetic
Interactions in SrFe2As2
7.1

Introduction and motivation

The parent compounds of the high-transition temperature (high-Tc ) copper oxides are
simple antiferromagnetic (AF) Mott insulators [70] chatracterized by a very strong nearest
neighbor AF exchange coupling J (> 100 meV) in the CuO2 planes [22]. In the case
of Fe based superconductors, the undoped parent compounds are also long-range ordered
antiferromagnets with a collinear spin structure as discussed in Chapters 4-6 (Fig. 7.1a)
[12, 88, 106–109, 120], much is unknown about the magnetic exchange coupling responsible
for such a spin structure. For example, early theoretical studies suggest that LaFeAso has
a spin-density-wave (SDW) instability [79,89]. As a consequence, the AF spin structure in
these materials are due to quasiparticle excitations cross electron-hole pockets in a nested
Fermi surface [121], much like SDW antiferromagnetism in metallic chromium (Cr) [122].
Alternatively, a Heisenberg magnetic exchange model [77, 94, 123] is suggested to explain
the AF structure. Here, the collinear spin phase is stable when the nearest neighbor
exchange J1 and the next nearest neighbor exchange J2 satisfy J1 < 2J2 (Fig. 7.1a). Firstprinciple calculations estimate J1 ∼ J2 [123]. In contrast, some band structure calculations
[80] suggest that the J1 along the a-axis and b-axis of the low temperature orthorhombic
structure (c > a > b) can have diﬀerent signs with J1a and J1b being AF and ferromagnetic
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respectively and that J1a > 2J2 . Therefore, there is no theoretical consensus on the relative
strengths of J1a , J1b , and J2 or the microscopic origin of the observed AF spin structure. If
magnetism is important for superconductivity of these materials, it is essential to establish
the “eﬀective Hamiltonian” that can determine the magnetic exchange coupling.
Here we use inelastic neutron scattering to study the spin wave excitations in single
crystals of SrFe2 As2 (TN = 220 K) [109], the parent compound of Sr1−x Kx Fe2 As2 superconductors. At low temperature, we ﬁnd that spin waves have an anisotropy gap below
Δ = 6.5 meV and disperse rapidly along both the [H, 0, 0] and [0, 0, L] directions. On
warming to 160 K, the magnitude of the spin gap decreases to 3.5 meV and intensity of
the spin wave excitations follow bose statistics as expected. However, there is no evidence
of critical scattering and magnetic correlations in the paramagnetic state at 240 K, in
sharp contrast to the SDW excitations in Cr [122] and spin waves in cuprates [22, 71]. We
estimated the eﬀective magnetic exchange coupling using a Heisenberg model and found
that J1a + 2J2 = 100 ± 20 meV, Jz = 5 ± 1 meV, and magnetic single ion anisotropy
Js = 0.015 ± 0.005 meV. The weak critical scattering and paramagnetic spin-spin correlations is much diﬀerent from SDW excitations in Cr and cuprates, and suggest that the AF
phase transition is ﬁrst order in nature.

7.2

Experimental details

Our experiments were carried out on HB-1 triple-axis spectrometer at the High Flux Isotope
Reactor, Oak Ridge National Laboratory, BT-1 and SPINS triple-axis spectrometers at the
NIST center for neutron research. For HB-1 and BT-7 measurements, we ﬁxed ﬁnal neutron energy at Ef = 14.7 meV and used PG(0,0,2) (pyrolytic graphite) as monochromators
and analyzers. A PG ﬁlter was placed in the exit beam path to eliminate λ/2. For SPINS
measurements, the ﬁnal neutron energy was ﬁxed at Ef = 5 meV and a cold Be ﬁlter was
placed on the exit beam path. SrFe2 As2 single crystals are grown from ﬂux method [104]
and were coaligned within 2 degrees to have a total mass of ∼0.7 g. From earlier diﬀraction work [109], we know that AF order occurs at close approximity to a lattice distortion,
changing the crystal structural symmetry from tetragonal above TN to orthorhombic below it (Fig. 7.1b). However, it is unclear whether the structural and magnetic phase
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Figure 7.1: (a) The Fe spin ordering in the SrFe2 As2 chemical unit cell and magnetic
exchange couplings along diﬀerent high-symmetry directions. (b) The AF Néel temperature
and the temperature dependence of the structural (2, 2, 0) Bragg peak of the SrFe2 As2
crystals used in the experiment [109]. The inset shows positions in reciprocal space probed
in the experiment. (c) Observed spin wave dispersion along the [H, 0, 0] direction at 160 K.
(d) Similar dispersion along the [0, 0, L] direction. (e) Calculated three-dimensional spin
wave dispersions with exchange coupling constants obtained from the best ﬁts to the data.
(f) Temperature dependence of the anisotropic spin gap Δ(T ).
transitions are second [82] or ﬁrst order [124]. For the observed spin structure (Fig. 7.1a),
magnetic Bragg peaks are allowed at [H, 0, L] (H = 1, 3 and L = 1, 3, 5,) reciprocal lattice units (r.l.u), where momentum transfer is Q(in Å−1 ) = (H2π/a, K2π/b, L2π/c) and
a = 5.5695(9), b = 5.512(1), c = 12.298(1) Å are lattice parameters in the orthorhombic
state at 150 K. To probe spin wave excitations, we aligned our single crystals in the [H, 0, L]
zone, where we can probe excitations along the [H, 0, 0] and [0, 0, L] directions.
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7.3

Spin wave dispersions and spin gaps

Figs. 7.2a and 2e show constant-energy scans for ω = 1 and 5 meV around [H, 0, 1] at
160 K obtained on SPINS. While the scattering at ω = 1 meV is featureless (Fig. 7.2a),
there is a clear peak centered at H = 1 in the 5 meV data (Fig. 7.2e). This immediately
suggests that spin waves in SrFe2 As2 have an anisotropy gap that is less than 5 meV.
Moving on to higher energies, Figs. 7.2b-d and 7.2f-h summarize Q-scans along [H, 0, 0] and
[0, 0, L] directions, respectively, at diﬀerent energies. The Q-widths of the scattering clearly
become broader with increasing energy. Figs. 7.1c and 1d show the observed dispersion
curves for the limited energy range with observable spin wave excitations. Assuming an



eﬀective Heisenberg Hamiltonian [77,125] H = J1a i,j Si · Sj + J1b i,j Si · Sj + J2 i,j Si ·
Sj + Jz Si · Sj − Js (Siz )2 , where J1a , J1b , J2 , and Jz are exchange interactions shown in
Fig. 7.1a; Js is the single ion anisotropy; and S is the magnitude of iron spin, spin
wave dispersions along the [H, 0, 0] and [0, 0, L] directions near the (1, 0, 1) Bragg peak are
E(kx ) = 2S[(J1a +2J2 +Js +Jz )2 −(Jz −(J1a +2J2 ) cos kx )2 ]1/2 and E(kz ) = 2S[(2J1a +4J2 +
Js + Jz − Jz cos kz )(Js + Jz + Jz cos kz)]1/2 , respectively. In addition, the size of the spin gap
due to the single ion anisotropy is Δ(1, 0, 1) = 2S[Js (2J1a + 4J2 + Js + 2Jz )]1/2 . The solid
lines in Figs. 7.1c and 1d are the best ﬁts with these equations, where J1a + 2J2 = 100 ± 20
meV, Jz = 5± 1 meV, and Js = 0.015± 0.005 meV. The three-dimensional plot in Fig. 7.1e
shows the expected spin wave dispersion at higher energies. To see temperature dependence
of the spin gap, we carried out energy scans at the signal and background positions for spin
waves at diﬀerent temperatures. At 7 K, energy scan at the signal position Q = (1, 0, 1)
shows an abrupt increase above 6.5 meV, while background scattering at Q = (1.2, 0, 1)
is featureless (Fig. 7.3a). Energy scans at equivalent positions Q = (1, 0, 3) and (0.8, 0, 3)
in Fig. 7.3b show similar results and therefore revealing a low temperature spin gap with
Δ = 6.5 meV. On warming to 80 K, identical scans at Q = (1, 0, 1) and Q = (1.2, 0, 1)
shows that the spin gap is now at Δ = 4.5 meV (Fig. 7.3c). Finally, Δ becomes 3.5 meV at
160 K, consistent with constant-energy scans in Figs. 7.2a and 2e. These results indicate
that the spin anisotropy of the system reduces with increasing temperature.
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Figure 7.2: Wavevector dependence of the spin wave excitations at 160 K obtained on
cold [(a) and (e)] and thermal [(b)-(d) and (f)-(h)] triple-axis spectrometers at diﬀerent
energies. (a) Q-scan along the [H, 0, 1] direction at ω = 1 meV using SPINS. The spectrum
is featureless indicating the presence of a 1 meV spin gap. Identical scan at ω = 5 meV
in (e) shows clear evidence of spin wave excitations centered at (1, 0, 1). (b-d) Q-scans
along the [H, 0, 1] or [H, 0, 3] directions at diﬀerent energies. The spectra clearly broadens
with increasing energy. (f-h) Similar scans along the [1, 0, L] direction, which probes the
exchange coupling Jz .

Figure 7.3: Temperature dependence of the spin-gap obtained from energy scans around
the (1,0,1) and (1,0,3) Bragg peaks. (a) Low temperature (T = 7 K) constant-Q scans at
the signal (Q = (1, 0, 1)) and background (Q = (1.2, 0, 1)) positions show a clear spin-gap
at Δ = 6.5 meV (b) Similar scans at Q = (1, 0, 3) and Q = (0.8, 0, 3) which again shows
Δ = 6.5 meV. (c),(d) Temperature dependence of the spin-gap, where Δ = 4.5 meV at 80
K and Δ = 3.5 meV at 160 K
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7.4

Quasielastic scattering below and above TN

Fig. 7.4 summarizes the temperature dependence of the spin waves and quasielastic scattering in the AF ordered and paramagnetic states obtained on SPINS and BT-7. Fig.
7.4a shows energy scans at Q = (1, 0, 1) for T = 130, 160, 200, 240, and 280 K plotted in
log scale. When temperature is increased across TN (= 220 K), there is a rapid decrease
in the ordered moment but little evidence for quasielastic and critical scattering, which
are signatures of a second order phase transition. To illustrate this point, we plot in Fig.
7.4b the temperature diﬀerence scattering using 280 K data as background. Besides the
magnetic order peak below TN at ω = 0 meV, there is no evidence of quasielastic critical
scattering typical of a second order phase transition. Figs. 7.4c shows constant-energy
scans (ω = 1 meV) measured on SPINS and the scattering is essentially featureless at all
temperatures investigated, thus suggesting weak spin-spin correlations in the paramagnetic
state. Thermal triple-axis measurements at ω = 10 meV in the paramagnetic state reveal
similar results. Assuming paramagnetic scattering is uncorrelated at 280 K, the diﬀerences
in the scattering between 240 K and 280 K should reveal the magnetic intensity gain close
to TN . Consistent with temperature dependence of the energy scans in Figs. 7.4a and
7.4b, there are signs of possible uncorrelated paramagnetic scattering (since the subtracted
data in Fig. 7.4e are overall positive) at 240 K but no evidence for critical scattering. For
temperatures below TN , we ﬁnd that spin wave excitations at temperatures below 160 K
simply follow the Bose statistics (Fig. 7.4f) and decrease on approaching TN .

7.5

Discussion and conclusions

The discovery of the collinear AF order with small moment in LaFeAsO [12] has caused
much debate about its microscopic origin. Since LaFeAsO is a semimetal, the observed
AF order may arise from a SDW instability due to nested Fermi surface [79, 89, 121],
where electron itinerancy is important much like incommensurate SDW order in pure
metal Cr [122]. Alternatively, there are reasons to believe that LaFeAsO is in proximity
to a Mott insulator [76], and the AF order is a signature of local physics and electron
correlations [77, 78]. Another heavily debated issue is the ﬁrst [124] or second [82] order
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f

Figure 7.4: Temperature dependence of the quasi-elastic magnetic scattering and spin wave
excitations below and above TN . Data in (a)-(c) are obtained on SPINS. (a) Constant-Q
scans at Q = (1, 0, 1) Bragg peak position at diﬀerent temperatures. Except for the dramatic increase below TN , the quasi-elastic scattering above ω = 0.5 meV is essentially
temperature independent, revealing no evidence for the Lorentzian-like paramagnetic scattering above TN observed in Cr [122]. (b) Temperature diﬀerence spectra using T = 280 K
scattering as background, the data again show no evidence of critical scattering, suggesting
a ﬁrst order AF phase transition. (c) Q-scans at ω = 1 meV at diﬀerent temperatures.
No spin-spin correlations are found at probed temperatures. We speculate that the slight
increase in overall scattering at 240 K from 280 K shown in (e) is due to uncorrelated
paramagnetic scattering. (d) ω = 10 meV spin-wave excitations at 160 K and 200 K
obtained on BT-7. (f) ω = 16 meV spin-wave excitations at 7 K and 160 obtained on
HB-1. The intensity increase is due to the Bose population factor.
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nature of the simultaneous structural/magnetic phase transition in SrFe2 As2 .
If the observed AF order in SrFe2 As2 originates from Fermi surface nesting similar to the

SDW order in Cr, the velocity of the spin waves c should be c = ve vh /3, where ve and vh
are the electron and hole Fermi veloclities, respectively [122]. The dispersion relation is then
ω = cq where q is the magnitude of the momentum transfer away from the Bragg position.
For Cr, the spin-wave velocity is measured to be c = 851±98 meVÅ [122]. In addition, there
are strong spin-spin correlations in the paramagnetic state where the dynamic structure
factor S(q, ω) can be described by the product of a Gaussian centered at the SDW ordering
2

wavevector and a Lorentzian in energy or S(q, ω) = S0 (T )e−ξ/2σ (ω/kB T )/[((ω)2 +
Γ)(1 − e−ω/kB T )], where σ and Γ are the Gaussian and Lorentzian width, respectively
[122]. At temperatures as high as 500 K (T = 1.6TN ), one can observe a clear resolutionbroadened Lorentzian centered at ω = 0 meV with Γ = 15.6 meV [122]. For comparison,
there is no evidence of a Lorentzian-like paramagnetic scattering in SrFe2 As2 even at T =
1.09TN . The lack of critical scattering both below and above TN , together with the fact
that there is also a strong structural distortion occuring at the same temperature [82,124],
suggest that the AF phase transition is ﬁrst order in nature.
To compare the observed exchange coupling in Fig. 7.1 and those expected from SDW
excitations in a nested Fermi surface, we note that Fermi velocities estimated from the
local density approximation calculations for BaFe2 As2 [126] are ve = 2.2 eVÅ and vh =
1.2 eVÅ. Assuming BaFe2 As2 and SrFe2 As2 have similar Fermi velocities, the expected
spin wave velocity is then c ∼ 0.94 eVÅ. However, since Angle Resolved Photoemission
spectroscopy (ARPES) experiments on BaFe2 As2 [127] show that the band width is strongly
renormalized, the larger Fermi velocities in electron and hole pockets are ve ≈ vh ∼ 0.5
eVÅ. These values would give c ∼ 0.29 eVÅ. Using smaller Fermi velocities would yield
half of the larger values or c ∼ 0.15 eVÅ. Within the local moment eﬀective J1a − J1b − J2
model, the spin wave velocity is given by c = 2.8(J1a + J2 ) eVÅ. From our measured
J1a + 2J2 = 100 ± 20 meV, c ∼ 0.28 eVÅ which is fairly close to the ARPES results.
Therefore, our present data do not allow an unambiguous distinction between localized
and itinerant description of the AF order in SrFe2 As2 in terms of the spin wave velocity.
In summary, we carried inelastic neutron scattering experiments to study low energy
spin wave excitations in SrFe2 As2 . The low-temperature spectrum consists of a Bragg peak,
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a spin gap, and sharp spin wave excitations at higher energies. Using a simple Heisenberg
Hamiltonian, we ﬁnd J1a +2J2 = 100±20 meV, Jz = 5±1 meV, and Js = 0.015±0.005 meV.
On warming cross TN , there is no evidence of critical scattering and spin-spin correlations
in the paramagnetic state, diﬀerent from the paramagnetic SDW excitations in Cr. These
results suggest that the AF phase transition in SrFe2 As2 is ﬁrst order in nature.
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Chapter 8

Spin Waves and Magnetic
Exchange Interactions in CaFe2As2
8.1

Introduction and motivation

In Chapter 7 we showed that the low energy spin wave excitations of SrFe2 As2 can be
ﬁtted with an eﬀective Heisenberg Hamiltonian. However, because only spin excitations
below 30 meV were probed and therefore it is still unclear whether magnetism is derived
from excitations of conduction electrons [89,128–131] or from localized moments [77,78,81,
133, 134]. More importantly, in spite of intensive eﬀort [135–139], there is no consensus as
to the simplest “eﬀective ground state Hamiltonian” in the parent compound of Fe based
superconductors. A determination of the eﬀective magnetic exchange coupling and ground
state Hamiltonian in the parent compounds of these materials is important because such
an understanding will provide the basis against which superconductivity-induced changes
can be identiﬁed. Using inelastic neutron scattering, we have measured the dispersion of
spin-wave excitations in CaFe2 As2 (refs. [120, 140]), one of the parent compounds of the
Fe based superconductors, and determined the eﬀective magnetic exchange interactions.
If the static long-range AF order depicted in Fig. 8.1a for the parent compounds of Fe
based superconductors originates from a collective spin-density-wave order instability of
itinerant electrons like in chromium, the velocity of spin wave excitations c should be c =
(ve vh /3)1/2 , where ve and vh are the electron and hole Fermi velocity, respectively [122].
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Furthermore, spin wave excitations should exhibit longitudinal and transverse polarization,
and damp into single particle excitations (Stoner continuum) via transfer of an electron
(spin) from the majority to the minority band at high energies as shown schematically in
Fig. 8.1c (ref. [132]). On the other hand, if magnetic order in iron pnictides has a local
moment origin as in the parent compounds of the copper oxides, one should observe welldeﬁned (essentially instrumental resolution limited) spin waves throughout the Brillouin
zone and magnetic coupling between local moments should be dominated by direct and
super-exchange interactions (Fig. 8.1d) [77, 78, 81, 133, 134]. Although the presence of
itinerant magnetic excitations and Stoner continuum have been suggested in BaFe2 As2
(ref. [138]) and CaFe2 As2 (ref. [139]), these measurements were carry out at energies well
below the zone boundary spin wave energy ( 200 meV) and therefore were unable to
conclusively determine the eﬀective magnetic exchange interactions and life time of the
spin waves.

8.2

Spin wave dispersions and local susceptibility

We used inelastic neutron scattering to study low-temperature (T = 10 K) spin waves of
single crystals of CaFe2 As2 which has a Neel temperature of TN ≈ 170 K (refs. [120, 140]).
Figs. 8.1e-l shows two-dimensional constant-energy (-E) images of spin-wave excitations of
CaFe2 As2 around the AF zone center in the (H, K) scattering plane [135–139]. Previous
low-energy measurements [137] revealed that spin waves in CaFe2 As2 are three-dimensional
and centered at AF wave vector Q = (1,0, L = 1, 3, 5,...) reciprocal lattice units (rlu). For
energy transfers of E = 48 ± 6 (Fig. 8.1e) and 65 ± 4 meV (Fig. 8.1f), spin waves are still
peaked at Q = (1,0,) rlu in the center of the Brillouin zone (shown as dashed square boxes).
As energy increases to E = 100 ± 10 (Fig. 8.1g), 115 ± 10 (Fig. 8.1h), 137.5 ± 15 (Fig. 8.1i),
135 ± 10 (Fig. 8.1j), and 145 ± 15 meV (Fig. 8.1k), counter-propagating spin-wave modes
become apparent. The scattering changes to ellipses elongated along the K-direction for
energies above 100 meV (Figs. 8.1h-1k). For an energy transfer of 175 ± 15 meV (Fig.
8.1l), spin waves show a broad square-like scattering already reaching the zone boundary in
the K-direction. To quantitatively determine the spin-wave dispersion, we cut through the
two-dimensional images similar to Fig. 8.1 for various incident beam energies (Ei) aligned
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Figure 8.1: Magnetic structure, calculated spin-wave dispersion and wave vector dependence of spin-wave excitations at diﬀerent energies for CaFe2 As2 . Our inelastic neutron
scattering experiments were carried out on the MERLIN time-of-ﬂight chopper spectrometer at the Rutherford-Appleton Laboratory, Didcot, UK. We co-aligned 6.4 grams of single
crystals of CaFe2 As2 grown by self ﬂux method (with in-plane mosaic of 2 degrees and
out-of-plane mosaic of 3 degrees). The incident beam energies were Ei = 50, 80 150, 200,
250, 450, 600 meV, and mostly with Ei parallel to the c axis. Spin wave intensities were
normalized to absolute units using a vanadium standard (with 30% error). We deﬁne the
wave vector Q at (qx ,qy ,qz ) as (H, K, L) = (qx 2π/a, qy 2π/b, qz 2π/c), where a = 5.506, b =
5.450, and c = 11.664 Åare the orthorhombic cell lattice parameters at 10 K (ref. [120]). a)
Schematic diagram of the Fe spin ordering in CaFe2 As2 . b) Calculated three-dimensional
spin-wave dispersions using SJ1a = 49.9 SJ1b = −5.7, SJ2 = 18.9, SJc = 5.3 meV c)
Schematic diagrams for how spin-wave dispersion enters into Stoner continuum. d) Dispersion of spin waves in a classical Heisenberg Hamiltonian. Wave vector dependence of
the spin waves for energy transfers of e) 48 ± 6 meV [Ei = 150 meV and Q=(1,0,3)];
f)E = 65 ± 4 meV [Ei = 250 meV and Q=(1,0,3)]; g) 100 ± 10 meV [Ei = 450 meV and
Q=(1,0,3.5)]; h) 115 ± 10 meV [Ei = 450 meV and Q=(1,0,3.5)]; i) 137 ± 15 meV [Ei = 600
meV and Q=(1,2,4)]; j) 135 ± 10 meV [Ei = 450 meV and Q=(1,0,4.5)]; k) 144 ± 15 meV
[Ei = 450 meV and Q=(1,0,5)]; l) 175 ± 15 meV [Ei = 600 meV and Q=(1,0,5.2) ].
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along the c-axis. Figs. 8.2a-g show the outcome for diﬀerent spin-wave energies in the form
of constant-E scans along the K-direction around the AF zone center. As the excitation
energy increases from 25 meV (Fig. 8.2g) to 144.5 meV (Fig. 8.2a), well-deﬁned counterpropagating spin waves approach the zone boundary. To illustrate the general feature of
the high-energy spin waves, we have used the scattering near (2,0,0) rlu as a background
and assumed the positive scattering at wave vectors below (2,0,0) rlu is entirely magnetic.
Fig. 9.3a shows the outcome of the background subtracted scattering for the Ei = 450
meV data projected in the wave vector (Q = [1,K]) and energy space. In spite of the
spin wave intensity modulation along the L-direction due to the exchange interaction Jc
between the FeAs planes [137] (Fig. 8.1a), one can see three clear plumes of scattering
arising from the in-plane AF zone centers Q = (1,-2), (1,0), and (1,2) rlu. The spinwave scattering disperses for energies above 100 meV and extends up to about 200 meV.
Since spin waves become less dispersive as the zone boundary is approached, we locate the
spin wave excitations via energy scans at a ﬁxed wave vector. Figs. 8.3c-h summarize a
series of such scans at diﬀerent wave vectors which reveal clear dispersions near the zone
boundary and a maximum spin-wave bandwidth of about 200 meV. In addition to the
results presented in Figs. 8.1-3, we have also collected similar data at other wave vectors
throughout the Brillouin zone. The solid circles in Figs. 8.4a-c summarize our measured
spin wave dispersions along the [H,0,1], [1,0,L], and [1,K,1] directions. To understand these
data as well as the wave vector-energy (Q-E) dependence of the spin-wave intensities, we
consider a Heisenberg Hamiltonian consisting of eﬀective in-plane nearest-neighbors (Fig.
8.1a, J1a and J1b ), next-nearest-neighbor (Fig. 8.1a, J2 ), and out-of-plane (Fig. 8.1a, Jc )
exchange interactions. The dispersion relations are given by [135–139]:
 =
E(Q)



A2 − BQ 2 ,
Q

(8.1)

where
AQ = 2S[J1b (cos(πK) − 1) + J1a + Jc + 2J2 + Js ]

(8.2)

BQ = 2S[J1a cos(πH) + 2J2 cos(πH)cos(πK) + Jc cos(πL)]

(8.3)

81

 is wave vector. The neutron scattering cross
Js is the single ion anisotropy constant, and Q
section can be written as [136]:

d2 σ
dΩdEf

=

kf  γr0 2 2 2 
g f (Q) exp(−2W )
2
ki

 E),
×
(δαβ − Q̂α Q̂β )S αβ (Q,

(8.4)

αβ

 the magnetic form factor of iron,
where (γr0 /2)2 = 72.65 mb, g is the g-factor (≈ 2) , f (Q)
exp(−2W ) is the Debye–Waller factor(≈ 1 at 10 K), Q̂α is the α component of a unit vector
 S αβ (Q,
 E) is the response function that describes the αβ spin-spin
in the direction of Q,
correlations, and ki and kf are incident and ﬁnal wave vectors, respectively. Assuming
that only the transverse correlations contribute to the spin-wave cross section and ﬁnite
excitation lifetimes can be described by a damped simple harmonic oscillator with inverse
lifetime Γ (refs. [141, 142]), we have

 E) = S zz (Q,
 E) = Sef f
S yy (Q,

AQ − BQ
E0 (1 −

ekB T )

4
ΓEE0
2
π (E − EQ 2 + 4(ΓE)2

(8.5)

where kB is the Boltzmann constant, E0 is the spin-wave energy, and Sef f is the eﬀective
spin. We analyzed our data by keeping S and distinct following the practice of Ref. [136].
We ﬁtted the measured absolute intensity of spin wave excitations and their dispersions in
Figs. 8.1-4 by convoluting the above discussed neutron scattering spin-wave cross section
with the instrument resolution using Tobyﬁt program [141, 142]. Since CaFe2 As2 exhibits
tetragonal to orthorhombic lattice distortion below the TN (refs. [120]), care was taken
to include the (H,K)/(K,H) twin domains in the computed scattering cross section. We
ﬁnd that the Heisenberg Hamiltonian with only the nearest-neighbors eﬀective exchange
couplings (J1a and J1b are ﬁnite, and J2 = 0) cannot explain the data. Theoretically, it
has been argued that the observed collinear spin structure in Fig. 8.1a is consistent with
either SJ1a ≈ SJ1b ≈ 1/2SJ2 or SJ1a ≈ 2SJ2  SJ1b . Distinguishing these two models
require spin-wave data near the zone boundary [131]. Although previous neutron scattering
experiments on CaFe2 As2 suggest SJ1a ≈ SJ1b ≈ 25 ± 8 ,SJ2 = 36 ± 2, and SJc = 7 ± 1
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Figure 8.2: Constant energy cuts of the spin-wave dispersion as a function of increasing
energy and our model ﬁt using the Heisenberg Hamiltonian. A series of constant-energy
cuts through the AF spin-wave zone center as a function of decreasing energy a)E =
144 ± 20; b)E = 135 ± 10; c)E = 115 ± 15; d)E = 100 ± 10; e)E = 65 ± 10; f)E =
48 ± 6; g)E = 25 ± 5 meV. The solid lines are model ﬁts to the data after convoluting the
cross section to the instrumental resolution. Typical instrumental resolutions are shown as
dotted lines in (a) and (d).
meV (refs. [137, 139]), these results are obtained by ﬁtting spin-wave data well below the
200 meV zone boundary energy (Fig. 8.3) and therefore are inconclusive.
The red dashed lines in Figs. 8.3f-h show the expected zone boundary spin waves
assuming SJ1a = 27,SJ1b = 25,SJ2 = 36and SJc = 5.3 meV. It is obvious that such a
model failed to describe the zone boundary data. Our best ﬁts to both the low-energy and
zone boundary spin waves by independently varying the eﬀective exchange parameters are
shown as solid black lines in Figs. 8.2 and 3 with SJ1a = 49.9 ± 9.9, SJ1b = −5.7 ± 4.5,
SJ2 = 18.9 ± 3.4, SJc = 5.3 ± 1.3 meV. The broadening of the spin waves with increasing
energy is accounted for via Γ ∝ 0.15E and shown as dotted lines in Fig. 8.4. From our
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Figure 8.3: Observed and calculated spin waves at 10 K, and constant-Q cuts near the AF
zone boundary. a) The projections are in the scattering plane formed by the energy transfer
axis and (1,K) direction (with integration of H from 0.8 to 1.2 rlu) after subtracting the
background integrated from 1.8 < H < 2.2 and −0.25 < K < 0.25. Ei = 450 meV b)
Calculated spin wave excitations using model speciﬁed in the text. c-h) Constant-Q cuts
at various wave vectors near the zone boundary. Ei = 600 meV The solid (J1a > 0,J1b < 0)
and dashed (J1a ≈ J1b ) lines are our models ﬁts to the data
best ﬁt to all spin wave data, we ﬁnd Sef f = 0.22 ± 0.06 which is somewhat smaller than
previous measurements on powder samples of BaFe2 As2 (ref. [136]). The value of Sef f and
the measured 0.8 μB /Fe static moment [120] suggest of a S ≈ 1/2 system. Theoretically,
if we consider a spin 1/2 quantum Heisenberg model with the above exchange parameters,
a simple calculation reveals elastic moment = g(S − δS)μB = 2(1/2 − 0.09)μB = 0.82μB ,
where δS is the spin wave correction to the magnetic moment in quantum Heisenberg model
[143], and Sef f = Zd S = 0.285, where Zd = 0.57 is an intensity-lowering renormalization
factor of the one magnon cross section due to quantum ﬂuctuations and magnon-magnon
interactions [143].
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Figure 8.4: Spin-wave dispersion relation along high symmetry directions in the threedimensional Brillouin zone and energy dependence of the local susceptibility. The solid
circles in Figs. 8.a-c) are extracted from constant-E(-Q) cuts of various Ei data. The
horizontal bars indicate the E(Q) integration range and vertical bars are errors calculated
from least square ﬁttings. Solid (dashed) lines are ﬁts to spin-wave models discussed
in the text. The lengths of the blue vertical bars indicate wave vector dependence of
Γ, theΓ/E ≈ 0.15 is much smaller than metallic ferromagnet La2−2x Sr1+2x Mn2 O7 where
(ref. [142]), thus suggesting smaller inﬂuence of itinerant electrons in CaFe2 As2 . The blue
dotted line is guide to the eye. d) Energy dependence of the local susceptibility obtained
by integrating raw intensities above background from 0.5 < H < 1.5; −0.5 < K < 0.5;
L − 0.5 < L < L + 0.5, where L = 1, 3, 5 in the (1,0,L) zone. Twinning eﬀect has not
been taken out. In our experiment set up, the energy, magnetic form factor, and the
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polarization factors are all weakly dependent within the Brillouin zone. For simplicity, we
used appropriate values for these factors at the zone center Q=(1,0,L). Solid and dashed
lines are expected energy dependence of the local susceptibility for the two models discussed
in the text.

From ﬁtting results in Figs. 8.2-4, we see that the spin wave dispersion and intensity
in CaFe2 As2 throughout the Brillouin zone can be well described by a Heisenberg Hamiltonian with eﬀective nearest-neighbors and next-nearest neighbor exchange interactions.
Figs. 8.4a-c summarize the spin-wave dispersions along all three high symmetry directions
and Fig. 8.4d shows energy-dependence of the local susceptibility [21], together with calculations using SJ1a ≈ SJ1b (red dashed lines) or our models (solid lines). The former
model clearly fails to describe the data. To test whether the spin-wave branch crosses the
Stoner continuum as schematically illustrated in Fig. 8.1c, we plot spin-wave damping Γ
versus E as dotted lines in Figs. 8.4a-c. Although Γ is approximately proportional to
0.15E, there is no steep increase in Γ at any wave vector indicative of a Stoner continuum (Fig. 8.1c). Instead, the observed spin-wave broadening at high energies may arise
from magnon-electron scattering due to the low-temperature metallic nature of the system,
similar to ferromagnetic metallic manganites [141, 142].

8.3

Conclusions

The central message of our work is that one can ﬁt spin waves of CaFe2 As2 throughout the Brillouin zone with a simple Heisenberg Hamiltonian without the need for Stoner
continuum- the hall mark of an itinerant electron system. The lack of direct evidence for
a Stoner continuum below 200 meV suggests weak low energy electron-hole particle excitations. This is consistent with optical measurements, where 80% of the charge carriers
are gapped out below TN (ref. [144]) and therefore do not contribute to the low-energy
electron-hole excitations. One local density approximation calculation has predicted essentially the correct in-plane magnetic exchange couplings [130], these results, however,
are obtained within the tetragonal and collinear AF ordered structures contrary to the experiments. Furthermore, band structure calculations suggest that the Fermi velocity a/b
anisotropy in CaFe2 As2 is less than 8% in the low temperature orthorhombic phase (D.
J. Singh, private communication). If spin-wave velocities in CaFe2 As2 are proportional to
(ve vh /3)1/2 as those in chromium [122], they should be similar along the a/b directions.
Although our results appear to favor a localized moment picture, a spin 1/2 model cannot
be produced if all orbitals in iron are localized since there are even numbers of electrons per
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iron. Moreover, it is diﬃcult to understand why direct and super-exchange interactions
within the Fe-As-Fe plane are so diﬀerent along the a/b directions of the orthorhombic
structure because the tetragonal to orthorhombic lattice distortion below TN is small and
only weakly aﬀects the Fe-As-Fe bond distances/angles [12, 106]. The observed large difference may hint the involvement of other electronic degree of freedoms, such as orbital,
in the magnetic transition. To achieve a comprehensive understanding of spin excitations,
one must consider both the localized and itinerant electrons in these materials.
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Chapter 9

Magnetic Field Eﬀect on the
Resonance Mode in BaFe1.9Ni0.1As2
9.1

Introduction and motivation

The proximity of high-Tc superconductivity near antiferromagnetism in Fe based superconductors raised the possibility of a magnons mediated pairing mechansim [12, 75, 95,
106, 121, 145–147]. The high energy scale (200 meV) spin dynamics of their parent compounds also suggests the antiferromagnetism is a possible candidate for the driving force
of the high Tc superconductivity. Actually soon after the discovery of superconductivity
in LaFeAsO1−x Fx (ref. [95]), band-structure calculations for these materials ﬁnd two hole
cylinders around the Γ point and two electron cylinders around the M point. In theories of spin ﬂuctuation mediated superconductivity [58, 79, 121, 145–147, 158, 159], electron
pairing arises from quasiparticle excitations from the hole pocket to electron pocket (inset
in Fig. 9.1c). While the normal-state spin excitations are dominated by the continuum
of scattering, superconductivity arising from sign reversed interband scattering induces a
resonance peak at the antiferromagnetic (AF) ordering wave vector Q = (0.5,0.5) in the
spin excitations spectrum (Fig. 9.1b), whose energy should be at (or slightly less than) the
addition of hole and electron superconducting gap energies (ω = |Δ(k + Q)| + |Δ(k)|
) refs. [58, 79, 158–160]. Although the resonance and its temperature dependence observed by inelastic neutron scattering in Ba0.6 K0.4 Fe2 As2 (ref. [152]), BaFe2−x (Co,Ni)x As2
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(refs. [152, 153, 155, 156]) are consistent with this picture, there have been no direct proof
that the resonance energy is related to superconducting energy gap and therefore it is still
unclear whether the mode is related to electron pairing. One way to resolve this problem is to study the eﬀect of a magnetic ﬁeld on superconductivity and spin excitations.
A magnetic ﬁeld can suppress Tc and reduce the magnitude of the superconducting energy gap via either orbital pair breaking of Cooper pairs in the superconducting state or
Pauli paramagnetism due to Zeeman eﬀect on electron spins. If the resonance is associated
with quasiparticle excitations across the electron and hole [121, 145–147], application of a
magnetic ﬁeld that suppress the superconducting gaps should also reduce the energy of
the resonance. We ﬁnd this is indeed the case for BaFe1.9 Ni0.1 As2 (Fig. 9.1), and our
results thus provide the most compelling evidence that electron pairing in iron arsenide
superconductors is directly correlated with magnetic excitations.

9.2

Experimental details and conclusions

In the undoped state, the parent compounds of iron arsenide superconductors are nonsuperconducting antiferromagnets with a spin structure as shown Fig. 9.1a (refs. [12,106]).
Upon doping to induce optimal superconductivity, the static AF order is suppressed and
low-energy magnetic excitations in the superconducting state are dominated by a spin gap
and resonance above the spin gap energy [58,79,158–160]. For optimally electron-doped superconductor BaFe1.9 Ni0.1 As2 with Tc = 20 K (Fig. 9.1c), the resonance occurs nearω ≈ 8
meV at Q = (0.5,0.5,0) reciprocal lattice unit (rlu) above ω ≈ 3 meV spin gap in the
low temperature superconducting state [154, 155]. We used inelastic neutron scattering to
study the eﬀect of a 14.5-Tesla c-axis aligned magnetic ﬁeld on the resonance and spin gap
(Fig. 9.1). At zero ﬁeld, energy scans in the normal state (T = 25 K) show clear gapless
continuum of scattering at the signal Q = (0.5,0.5,0) position above the background Q =
(0.62,0.62,0) (red ﬁlled and open circles in Fig. 9.1d). On cooling into the superconducting
state (T = 2 K), a spin gap opens belowω ≈ 3 meV and the low energy spectral weight is
transferred into the resonance at ω ≈ 8 meV (refs. [154,155]). While imposition of a 14.5T magnetic ﬁeld along the c-axis has little eﬀect on the background (Fig. 9.1d) and normal
state scattering at Q = (0.5,0.5,0) (not shown for clarity purpose), the resonance peak in
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Figure 9.1: Magnetic structure, probed reciprocal lattice space and magnetic ﬁeld dependence of the scattering at the antiferromagnetic wavevector for BaFe1.9 Ni0.1 As2 . Our
inelastic neutron scattering experiments were carried out on the IN-22 thermal triple-axis
spectrometer at the Institut Laue-Langevin, Grenoble, France. We co-aligned 5.5 grams
of single crystals of BaFe1.9 Ni0.1 As2 grown by self-ﬂux (with in-plane mosaic of 2 degrees).
We deﬁne the wave vector Q at (qx ,qy ,qz ) as (H, K, L) = (qx 2π/a, qy 2π/b, qz 2π/c), where a
= b = 3.963, and c = 12.77 Åare the tetragonal unit cell lattice parameters. Our samples
are aligned in the (H,K,0) horizontal scattering plane inside a 14.5 T vertical ﬁeld magnet.
The ﬁnal neutron energy was ﬁxed at 14.7 meV with a pyrolytic graphite ﬁlter before the
analyzer. Field was always applied in the normal state at 25 K. a) Schematic diagram of
the Fe spin ordering in BaFe2 As2 . b) Reciprocal space probed and direction of applied
ﬁeld. c) Susceptibility of our sample indicating Tc = 20 K. The inset shows schematic
diagram of how the resonance is produced by quasiparticle excitations through the hole
and electron pockets. d) Energy scans at the signal Q = (0.5,0.5,0) and background Q =
(0.62,0.62,0) rlu positions for various ﬁelds and temperatures. The background scattering
has negligible temperature and ﬁeld dependence. e) Temperature and ﬁeld dependence of
χ”(Q, ω) at Q = (0.5,0.5,0). Horizontal bar indicates instrumental energy resolution. f)
Diﬀerence spectra of the neutron intensity between T = 2 K (< Tc ) and T = 25 K (Tc +5
K) at Q = (0.5,0.5,0) for B = 0 and a 14.5 T c-axis aligned ﬁeld. Error bars indicate one
sigma.
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the superconducting state is clearly suppressed and shifted to a lower energy (blue triangles
in Fig. 9.1d). Figure 9.1e plots the temperature dependence of the imaginary part of the
dynamic susceptibility χ”(Q, ω), obtained by subtracting the background scattering and
correcting for the Bose population factor χ”(Q, ω) == [1 − exp(−ω/((kB T )))]S(Q, χ”),
where kB is the Boltzmann constant. Inspection of the Figure reveals that application of a
14.5-T magnetic ﬁeld shifted the energy of the resonance from ω ≈ 7.3±0.15 meV to 6±0.2
meV, induced about 7% reduction in the integrated intensity of the mode, and broadened
the mode only slightly. Comparison of the temperature diﬀerence plots at zero and 14.5-T
in Fig. 9.4f conﬁrms the shifting energy of the mode and indicates that the ﬁeld-induced
resonance intensity reduction is compensated by intensity gain at lower energies.
Although the constant-Q scans in Fig. 9.1 are excellent ways of determining the inﬂuence of a magnetic ﬁeld on the resonance mode energy and peak intensity, they do
not provide inform on how the ﬁeld aﬀects the momentum distribution of the magnetic
excitations (spin-spin correlation function). Figure 9.2 summarizes Q-scans at energies
ω = 0, 2, 3, 8 meV which corresponds to elastic scattering, below and near spin gap energy, and at the resonance energy, respectively. At zero energy transfer (ω = 0 meV) and
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2 K, the scattering across Q = (0.5,0.5,0) are featureless at zero and 14.5-T (Fig. 9.2a),
indicating that such a ﬁeld does not induce AF long range static order. For ω = 2 meV,
the scattering at zero ﬁeld show no peak consistent with the presence of a spin gap at 2 K.
However, the identical Q-scan at 14.5-T shows a clear peak at Q = (0.5,0.5,0), suggesting
a ﬁeld-induced scattering due to the decreasing value of the zero ﬁeld spin gap (Figs. 9.1e
and 2b). Similarly, a 14.5-T ﬁeld enhances the zero ﬁeld ω = 3 meV peak near Q =
(0.5,0.5,0) in the superconducting state at 2 K (Fig. 9.2c) but has no eﬀect above Tc at
25 K (Fig. 9.2e). In contrast, imposition of a 14.5-T ﬁeld at 2 K suppresses the resonance
intensity at ω = 8 meV (Fig. 9.2d) but has no eﬀect in the normal state at 25 K (Fig.
9.2f). Fourier transforms of the Gaussian peaks at ω = 8 meV and 2 K in Fig. 9.2d give
spin-spin correlation lengths of ξ = 57 ± 2 Åand ξ = 53 ± 3 Åfor 0 and 14.5-T, respectively.
Therefore, a ﬁeld can change the energy and intensity of the resonance, but has small eﬀect
on spin-spin correlation length much like the magnetic ﬁeld eﬀect on underdoped copper
oxide superconductor YBa2 Cu3 O6.6 (ref. [161]).
Figure 9.3 compares temperature dependence of the scattering at Q = (0.5,0.5,0) for
ω = 2 and 8 meV at zero and 14.5-T, respectively. Consistent with previous work
[154, 155], we ﬁnd that magnetic scattering at Q = (0.5,0.5,0) open a spin gap below Tc at
ω = 2 meV and display a superconducting order parameter-like increase for ω = 8 meV
(Figs. 9.3a and 3c). Upon application of a 14.5-T ﬁeld, the kink in the zero ﬁeld temperature dependence data at ω =2 meV indicative of the opening of the spin gap disappears
(Fig. 9.3b). Instead, the scattering show no observable anomaly in the probed temperature range. On the other hand, temperature dependence of the scattering at the resonance
energy (ω = 8 meV) shows a clearly depressed Tc of ∼ 16 K at 14.5-T from Tc = 20 K
at zero ﬁeld (Figs. 9.3c and 3d). Since an applied magnetic ﬁeld that suppresses Tc also
decreases the superconducting gap energy, these results demonstrate that the resonance
energy and its temperature dependence are directly correlated with the superconducting
gap energy and electron pairing strength. Figures 9.4a and 4b show the magnetic ﬁeld
dependence of the scattering at the resonance energy in the superconducting state at 2 K
and normal state at 25 K, respectively. While the normal state spin excitations have no
observable ﬁeld eﬀect up to 14.5-T, the scattering at the resonance energy clearly decreases
with increasing ﬁeld. The black line is a linear ﬁt to the data using I/I0 = 1−B/Bchar with
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Figure 9.3: Eﬀect of a magnetic ﬁeld on the temperature dependence of the resonance
and low-energy spin excitations at Q = (0.5,0.5,0). a) Temperature dependence of the
scattering at ω = 2 meV and zero ﬁeld shows the opening of a spin gap slightly below
Tc consistent with refs. 15,16. b) The same temperature dependence at 14.5T. The kink
is gone. c) Temperature dependence of the scattering at the resonance energy of ω = 8
meV and zero ﬁeld displays order parameter like intensity increase below Tc = 20 K. d)
Application of a 14.5-T ﬁeld suppresses Tc to 16 K. Error bars indicate one sigma.
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Bchar ≈ 32 T, where intensity of the resonance is suppressed to the normal state value.
The dotted line represents a ﬁt assuming I/I0 = 1 − (B/Bchar )1/2 , where Bchar ≈ 66 T.
Since the energy of the resonance is decreasing with increasing ﬁeld, it is diﬃcult to estimate the characteristic ﬁeld Bchar using the ﬁeld dependent scattering at the resonance
energy at zero ﬁeld and compare with the upper critical ﬁeld Bc2 . We note, however, that
scanning tunneling spectroscopy and magnetotransport measurements on BaFe1.8 Co0.2 As2
samples (Tc ≈ 22 − 25.3 K) showed an upper critical ﬁeld of ∼ 43 T (ref. [162]) and ∼ 50
T (ref. [163]), respectively, for a c-axis aligned ﬁeld. To see whether the total momentum
sum rule

+∞
−∞

dQS(Q, ω) is satisﬁed within the probed energy-moment space at zero and

14.5-T (ref. [143]), we plot in Figure 9.4c experimentally measured diﬀerence spectrum,
S(Q,χ” ,B=0 T)-S(Q,χ”,B=14.5 T), at Q = (0.5,0.5,0). Within the errors of our measurements, we ﬁnd that the spectra weight loss of the resonance under a 14.5-T ﬁeld is
compensated by the ﬁeld-induced subgap intensity gain, suggesting that

+∞
−∞

dQS(Q, ω)

is conserved within the probed Q-energy s In previous work on copper oxide superconductors, application of a magnetic ﬁeld can suppress the intensity of the resonance [161] and
induce AF order at the expense of the resonance [40, 164–167]. However, the energy of
the resonance does not change with ﬁeld [40, 161, 165–167]. Theoretically, several eﬀects
of a magnetic ﬁeld on the resonance and spin excitations have been considered within the
random-phase approximation: ﬁrst, the supercurrents circulating around the ﬁeld-induced
vortices may broaden the resonance in energy without changing its Q-energy integrated
weight; second, a ﬁeld-induced uniform suppression of the superconducting gap magnitude
should cause the resonance to shift to lower energy and decrease in intensity; third, the
eﬀect of ﬁeld-induced suppression of the superconducting coherence factor might lead to
suppression of the spectral weight and causing the resonance to shift to higher energy;
and ﬁnally, suppression of the resonance within the ﬁled-induced vortex cores could result in reduced resonance intensity without shifting its position, consistent with neutron
scattering results on YBa2 Cu3 O6.6 (refs. [161, 168]). Since we observed clear ﬁeld-induced
resonance energy and intensity reduction in BaFe1.9 Ni0.1 As2 (Figs. 9.1-4), our data are
mostly consistent with a ﬁeld-induced suppression of the superconducting gap energy.
If this microscopic picture is indeed correct, we can use neutron scattering data in Figs.
9.1-4 to estimate the upper critical ﬁeld Bc2 and expected resonance energy shift at 14.594

ω
Figure 9.4: Magnetic ﬁeld dependence of the resonance below and above Tc and total
spin sum rule. a) The magnetic ﬁeld dependence of the scattering at ω = 8 meV, Q =
(0.5,0.5,0), and 2 K. While the solid line is a ﬁt using I/I0 = 1 − B/Bchar with Bchar 32
1/2
T, the dotted line represents I/I0 = 1 − B/Bchar , where Bchar 66 T. b) The scattering at
25 K has no ﬁeld observable ﬁeld dependence. c) The diﬀerence spectrum of the neutron
scattering intensities between zero and 14.5-T ﬁeld at 2 K and Q = (0.5,0.5,0). The
scattering should be centered around zero if spin excitations are not aﬀected by the ﬁeld.
Positive scattering indicate ﬁeld-induced suppression while negative scattering represents
ﬁeld-induced enhancement.
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T ﬁeld. In Ginzburg-Landau theory, magnetic ﬁeld dependence of the superconducting
gap Δ(B) is related to zero ﬁeld gap Δ(0) via Δ(B)/Δ(0) = (1 − B/Bc2 )1/2 (ref. [168]).
Since superconducting gap is proportional to Tc (i.e. 2Δ ∝ kB Tc , refs. [148, 149]), we
estimate Bc2 = 40.3 T using the measured Tc (∼ 16 K) at 14.5 T in Fig. 9.3d and
Bc2 = B/[1 − (Tc (14.5T )/Tc (0T )].

This value is very close to the measured Bc2 =

43 − 50 T for BaFe1.8 Co0.2 As2 which has slightly higher Tc s. If the resonance energy
is indeed associated with the superconducting gap energy via Δ = Δ(k + Q) + Δ(k) , one
should expect the resonance energy to shift from 7.3 meV at zero ﬁeld to ω(14.5T ) =
((Tc (14.5T ))/(Tc (0T )))ω(0T ) ≈ 6.0 meV. Inspection of Fig. 9.1e shows that this is indeed the case with experimental observation of ω(0T )(14.5T ) = 6.0 ± 0.2 meV. This is
the most compelling evidence that the resonance is related to superconducting gap energy.
Although our observation of a ﬁeld-induced resonance intensity reduction is also consistent with ﬁeld-suppressed superconducting gap picture [168], the multiband nature of the
system [121,145–147] means that one needs a more detailed theoretical calculation to compare with the experiments. Finally, to test if the resonance directly measures electron spin
singlet-to-triplet transition (from singlet spin S=0 for Cooper pairs to triplet spin S=1), we
note that the Zeeman magnetic energy for a 14.5 T is at ±gμB B Ṡ ≈ ±1.7 meV (assuming
the Lande factor g=2 and S=1). Experimentally, the energy widths of the resonance in Fig.
9.1e change from 4.8 ± 0.6 full-width-half-maximum (FHWM) at zero ﬁeld to 5.6 ± 1 meV
FHWM at 14.5 T, much less than that expected from Zeeman splitting. Therefore, while
our data support the notion that the resonance is directly correlated with electron energy
gap, it may not represent the long-sort single-to-triplet transition due to complication of
the orbital eﬀect for a c-axis aligned magnetic ﬁeld. In any case, our data suggest that
magnetic excitations are the most promising candidate for mediating electron pairing for
superconductivity in iron arsenides.
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Chapter 10

Conclusions
High Tc superconductivity in cuprates is still one of the biggest mysteries in condensed
matter physics in spite of two decades of intensive theoretical and experimental research.
Although the central issue on the “pairing glue” of the electron “Cooper pair” is still
under debate, it is generally believed that phonons and magnons are two possible candidates for the mediators of “Cooper pair”. The latter attracted more interest because
cuprates have universal antiferromagnetic parent compounds. Neutron scattering has contributed tremendously in understanding the antiferromagnetism in cuprates for the past
twenty years. However, because the magnons are much more diﬃcult to measure and
model than phonons, there is still no consensus about the role of antiferromagnetism in
high Tc superconductivity. Experimentally, there are two prominent features in the antiferromagnetic ﬂuctuations in hole doped cuprates: the “resonance mode” and “hour glass”
like dispersions. Several theories attempted to explain these features in cuprates, including
the itinerant model (Fermi liquid based approach) [168] and local moment model (such as
“stripe model” or SO(5) theory [71, 169]), yet no consensus is reached. The discovery of
high Tc superconductivity in Fe based materials greatly excited the community because
it provided scientists an exciting subject to study the interplay between the high Tc superconductivity and antiferromagnetism. To tell what properties are universal for high Tc
superconductivity and what properties are materials dependent could help to develop or
test the theories for high Tc superconductivity in these two systems. In this thesis, we presented systematic neutron scattering studies on the magnetic properties in both electron
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doped cuprates and Fe based superconductors. I hope these results could shed some new
light on understanding the high Tc superconducitvity.
Shortly after the discovery of the Fe based superconductors, we performed powder and
single crystal neutron diﬀraction measurements in the parent compounds in 1111 (CeFeAsO, PrFeAsO) and 122 (SrFe2 As2 ) systems. They all have antiferromagnetic ground
states which are similar to the cuprate parent compounds, although the detail magnetic
structures are slightly diﬀerent (Fig.1.1,1.3). In the case of CeFeAsO, the static antiferromagntic order is gradually suppressed upon electrons doping by replacing part of O with
F. After the static order is completely suppressed, the superconductivity emerges at higher
F doping, resulting a magnetic phase diagram very similar to those of cuprates. The proximity of high Tc superconductivity and a antiferromagnetic ground state in both systems
thus suggests the magnetic degree of freedom is involved in the origin of high Tc .
Although the magnetic structures and magnetic phase diagrams in cuprates and Fe
based superconductors are similar, the nature of the antiferromagnetism in these two systems may not be the same. Inelastic neutron scattering measurements in CaFe2 As2 show
that the whole spin wave spectra can be ﬁtted with a three dimensional Heisenberg Hamiltonian. Since the Heisenberg model is a local moment approach, this result suggests the
local moment physics still plays important role in the magnetic interactions in the system.
On the other hand, the eﬀective spin for the spin wave spectrum is only 0.22 which is much
smaller than “spin 1” as expected by a simple local moment model for Fe2+ . The strikingly
small moment as well as the metallic nature of the system indicates the magnetism has
itinerant characters. Given the facts above, we conclude the magnetism in CaFe2 As2 is
neither purely local nor purely itinerant but the mix of the two, which is diﬀerent from
the purely local moment magnetism in cuprates. In addition, the in plane anisotropy of
the exchange couplings in CaFe2 As2 indicates the orbital ordering or spin orbital coupling
is involved in the magnetic phase transition, which is also diﬀerent from the single orbital
material La2 CuO4 .
The magnetisms of the parent compounds in cuprates and Fe pnictides diﬀer in several
aspects, yet they become very similar as the systems are doped into superconducting
regime. The low energy spin excitations in both Fe pnictides and cuprates are dominated by
a “resonance mode”. The lack of Zeeman splitting of the resonance mode under magnetic
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ﬁeld demonstrates that the resonance mode in BaFe1.9 Ni0.1 As2 is not a collective “spin
1” excitation as suggested by a “spin exciton” model. Field dependence of the resonance
energy measurements show that the resonance energy is proportional to superconducting
gap, which is also similar to electron doped cuprate Pr0.88 LaCe0.12 CuO4 , indicating the
resonance modes in these two systems have the same microscopic origin and are intimately
related to the pairing mechanism.
In summary, we compared the magnetic properties in cuprates and Fe based superconductors and found a lot of important common features shared by these two systems.
First of all, parent compounds of both systems have universal antiferromagnetic ground
states and similar magnetic phase diagram as doping, which strongly indicates the antiferromangtism is important to high Tc superconductivity. Secondly, the spin dynamics of
the parent compounds in both systems have needed high energy scales (200 to 300 meV)
as the driving force to high Tc superconductivity. In addition, resonance modes dominate
the low energy magnetic ﬂuctuations in both systems. Furthermore, resonance energies are
proportional to the superconducting gaps under ﬁelds. These universal properties shared
by both cuprates and Fe pnictides strongly indicate the spin ﬂuctuation is the “paring
glue” of the high Tc superconductivity.
Universal properties are alway important for developing theories. On the other hand,
diﬀerences sometimes can provide even more invaluable information, which can actually test
our understanding on some long standing issues in cuprates. As we discussed in Chapter
8, pure local moment physics, suitable cuprate parent compounds, can not explained all
the magnetic properties in the parent compounds of Fe pnictides which are obviously a
more itinerant system with weaker electron correlations. However, in both systems, Femi
liquid based itinerant picture can model the magnetic ﬂuctuations (resonance modes) in
superconducting samples reasonably well, which suggests the Mott physics may not be so
critical in both systems in the superconducting regime. Other details observed in hole
doped cuprates such as “hour glass” dispersions, stripe phase, pseudo gaps, which were
believed to be fundamental to high Tc superconductivity, may not be so critical as such
properties are absent in electron doped cuprates and Fe pnictides.
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